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This thesis aims to design a photobioreactor that has a low capital investment so microalgae 
cultivation becomes cheaper. Implementation of temperature control is achieved by a 
thermoelectric cooling (TEC) device by pulse width modulation. 
Materials of cheap cost from local vendors are availabe including low thermal conductivity 
materials like foam insulation and temperature sensors that have accurate measurement. Arduino 
based sensors of low cost are used to obtain process variable information of the system such as lux 
intensity, internal ambient temperature, and the temperature of a 500 mL flask of water. Power 
supplies are used to supply a 12 VDC connection to the LED lights, mixing motor and TEC. 
Switching of these voltages is done with MOSFETs to achieve a variable voltage.  
Understanding the capabilities of a temperature feedback control by implementation of 
temperature sensors is investigated and it was found that high-frequency feedback signals cause 
antireset windup and overheating of components. On/off switching is also implemented to negate 
the high frequency switching issues while PI controller installation is discussed and favours the 
PBR sensor over the internal ambient temperature sensor. 
The lower temperature regions of the PBR are unatainable which results in PV offset and hardly 
noticable temperature changes that are not desirable. A remedy to solve the issue suggests that 
materials with high thermal conductivities should provide better heat energy transfers when using 
TECs. Lux lighting sensor illustrates the maximum achievable LED intensity. Undesirable heat 
energy generated by the LED lights will increase the internal PBR temperature. 
Overall TECs are very costly to run because heatsinks and fans for heat extraction are required for 
heat removal, while the TEC devices for this research is not efficient enough to get to the lower 
temperature regions. This research concludes that cheap quality electrical components will achieve 
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Microalgae generally aquatic based and complex have many influencing factors affecting their 
growth, while benefits like high-value products for dietary supplementation, renewable energy 
and treatments of hazardous contaminants are of high interest because of its many unique 
properties [1], [2], [3], [4], [5].  
Microalgae commercial farming has seen many changes since the late 19th century and today 
cultivation methods of microalgae consists of optimising the growth rates for higher biomass 
yields that are economically viable [2], [6]. This is done by closed or open cultivation methods 
like tanks or ponds to simulate the natural habitat at the optimal conditions [6]. The tanks are 
known as photobioreactors (PBRs) and are arranged in a closed system. Materials that PBRs are 
constructed from is glass, plastic or metals.  
Closed PBRs are used for tight control that can monitor, maintain and protect microalgae culture 
from environmental conditions [7], [8], [9]. Typical designs include Tubular which is better 
known as manifold PBRs (horizontal) or Serpentine PBRs (vertical), Flat Panel PBRs and 
column PBRs, each of them has one advantage over the other [7].  
Effective photosynthesis can be performed when PBRs are designed around concepts that are 
efficient in light capture, and the distribution of the light to the microalgae. Precise control of the 
variables like temperature also encourage cell growth and offer the user the ability to experiment 
and implement conditions that promote cell growth [10], [11].  
Closed PBRs have the advantage of better temperature control over a wide range of species as 
mentioned by M. Borowitzka [12], and asserts that a broad range of algal species can be cultivated 
[12]. M. Borowitzka further suggests that temperature control can be done by a heat exchanger or 
evaporative cooling [12].  
As the microalgae inside the photobioreactor begins to grow, the density of the culture begins to 
increase, this affects the light intensity and causes a reduced effect on the exponential growth 
phase [13]. Some of the factors explored today are the photoperiod duration and light intensity 
that can have a positive or negative effect on the growth rates of microalgae [14]. For example, 
Nannochloropsis sp was cultivated over a 9-day period and exposed to three different 
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photoperiod regimes and three different light intensities (50, 100 and 200 μmol/m2 s) with 
(12:12,18:06 and 24:00) respectively. Results concluded that 100 μmol/m2 s with an 18:06 
light:dark ratio performed the best.  
Microalgae species usually have the optimal growth temperature between 20 ºC to 25 ºC [15]. 
While other temperature ranges that microalgae species experience is between  15 ºC to 30 ºC 
suggesting that microalgae species are different and broad [15]. Microalgae that grow over a 
broad range of temperatures are usually economically viable. Selection of geographical locations 
that attest to microalgae’s optimal temperatures will enable the microalgae to flourish and 
produce products that are of high value [16].  
The motivation for this research is to design a microenvironment around some of the parameters 
that can cultivate microalgae as close to the optimal photosynthetic yields at a low budget.  
The aims the project outline is, build a closed microenvironment to understand the economic 
viability of thermoelectric coolers and if they are effective at cultivating microalgae with the 
emphasis of the design to keep capital cost low. Implement a control scheme under the pulse width 
modulation (PWM) and compared with on/off control highlight the most effective control logic.   
The thesis is structured in the following way. Chapter 2 methods illustrate the required equipment 
and online citations to the datasheets. While design builds on the constraints and construction of 
the housing including software design, controller design, sizing and electrical layout. In chapter 3 
the results will obtain temperature information, calibration curves and lux intensity. Discussion 
summarised the findings and justification into the results are postulated. The paper concludes on 
the overall progress and suggests further research methods. Appendices are provided, and the 




1.1 Literature review 
Microalgae generally aquatic based have been cultivated for development and studies [1],[2]. 
Microalgae is complex and has many influencing factors that are immensely crucial for growth 
and production [5].  
Murdoch University Algae R&D Centre requires a design that a temperature range of 15 ºC – 30 
ºC can operate within. The PAR range in the wavelength must be adjustable with data logging 
capabilities. 
The purpose of this research is for engineers who need to understand the factors affecting growth 
and in doing so, gain a better understanding of the variables that influence growth rates. Microalgae 
is complex, many researchers have already pioneered years of research, this paper does not fulfil 
every aspect of microalgae research, it is a brief overview mainly focused on variables that 
influence high growth rates.  
Various journals and databases were visited using the Murdoch university library which includes 
the latest algae research books from the vast selection at Murdoch University Perth W.A. Two 
significant sections explore the literature ahead. Firstly, the variables affecting growth; a broader 
review is emphasised on light intensity, wavelength and temperature. While the nutrients topic 
illustrates other variables that affect the growth rate of algae. Secondly algae cultivation; Effective 
photobioreactor design is deeply investigated and suggested methods of temperature control is 
reviewed.  
Therefore, the objective of this literature review aims to address the following; what are the 
immediate variables that influence maximum biomass production and what variables can the 




1.2 Variables affecting growth rates 
1.2.1 Light intensity and wavelength 
The amount of light exposure stimulates algae growth, too much light at high intensities can create 
irreversible oxidative damages [5]. B. Cheirsilp et al. [17], found that increasing the light intensity 
from 2000 up to 10,000 lux a noticeable decline in growth rate could be observed [17]. 
Photosynthetically active radiation (PAR) is defined as the energy flux in the waveband between 
400-700nm as depicted in Figure 1-1 [18]. W. Lunche et al. [19], asserts this amount of solar 
electromagnetic radiation is what plants require in order to perform photosynthesis [19].  
 
Figure 1-1 Wavelength in nm, a visible location of the PAR region 
Photosynthetic active region of plants and algae [20]. 
Controlled and measured illumination has been the preferred method when it comes to increasing 
the productivity of algae biomass [21]. Light emitting diodes (LEDs) can exhibit various types of 
colours compared to their counterparts; the more traditional white light [22]. H. Tang et al. There 
are many ways to measure light effectivity, one method is to measure light using a light metre to 
obtain readings over the PBR then average them out [23]. 
Studies by P. Das et al. [24] reveal, specific growth rates (μ) for Nannochloropsis sp, under blue 
LED light (470 nm) with exposures of 800 – 1000 lux produces the highest biomass growth rates 
compared to its other colour spectrums of green, red, yellow and white. The results found that light 
with shorter wavelengths has a much more significant impact on the photosynthetic efficiencies 
[24].  
On the other hand, T. Mooij et al. [25] claims that exposure of  1500 μmol photons / m2 s of yellow 
wavelength light on Chlamydomonas reinhardtii a single cell green alga had a low biomass yield 
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[25]. Supplementing 50 μmol-photons/m2 s of yellow light with blue light and still maintaining a 
total combined yellow and blue exposure of 1500 μmol photons / m2 s, the biomass yield recorded 
had increased [25]. The paper reveals a possible cause is the wavelength deficiencies that white, 
yellow or green light emit [25]. 
W. Gruszecki et al. [26] asserts that blue light has considerable effects towards growth rates and 
triggers mechanisms for metabolic regulation like light harvesting for photosynthesis. Also, C. Ra 
et al. [27] mentions that blue LED light could enhance the production of chlorophylls algae because 
they have two absorption bands at blue (400-500 nm) [27]. 
The second experiment does not support the idea that yellow light yields more algae growth 
compared to blue light because; 50 μmol photons / m2 s of the yellow light was supplemented with 
blue light [25]. Both experimental results have different conditions towards the light, and different 
algae strains have different characteristics, although yellow light supplementation was used the 
common factor between both experiments exists that, blue light plays a vital role in algae 
productivity [24],[25]. 
Optimal light cycle experiments reveal that various light intensities ranging from Photon flux 
density (PFD) 70 – 273.1 μmol photons / m2 s had increased growth on the microalgae, 
Neochloris oleoabundans as the biomass culture began to densify [13]. Results in Figure 1-2 
concluded that regardless of other factors that contribute to biomass concentration, PFD of 91.2 – 
177.8 μmol photons / m2 s is chosen because of the photosaturation which occurs before 200 
μmol photons / m2 s  [13]. 
 
Figure 1-2 Effect of various Photon Flux densities on culture growth 
Increasing the light intensity as biomass concentration increases show growth of concentration. Photosaturation 
occurs at 180 μmol photons / m2 s [13]. 
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1.2.2 Light absorbance and transmittance 
Microalgae require a right amount of light for growth, low levels of light will reduce the growth 
rates whereas too much light will cause photoinhibition [28]. Linear increases in photosynthetic 
activity is observed when light exposure is low, and by the time the light begins to intensify, 
maximum photosynthetic rates are observed [29].  
Q. Bechet et al. [30], defines three types of models categorised on their ability to account for light 
gradients [30]. Type II models is defined over a range of design and operational conditions that 
can accurately predict the algae production [30]. Type II models outlined in this research included 
Lambert-Beer Law, a simplified two-flux model and the radiative transfer equation (RTE) [30].  
J.F. Cornet et al. [31], reported that Two flux model leads to very complex partial differential 
equations to resemble the field of radiation with two opposite fluxes Fz
+ and Fz
- [31]. While W.G. 
Houf et al. [32], established five methods to calculate RTE that take into account the aqueous 
suspension and the variables acting upon it; such as optical depth, incident radiation and scattering 
[32]. 
W. Balken et al. [29] maintains that Lambert-Beer Law is the simplest of all three mentioned above 
although light absorption is taken into account; still, Beer’s law can be improved by including 
scattering of light [29]. 
Beer’s law describes how optical absorbance (𝐴) is measured in relation to the optical path length 
(𝑙) of the concentration ([𝐶]) where (𝜀) is described to be the molar absorption constant [33]. 
 𝐴 = 𝜀𝑙[𝐶] (1) 
Eq. (2) the transmittance (𝑇) which is a ratio of the light intensity that has already passed through 





By combining Eq. (1) and (2), Lambert-Beer law is obtained which relates the absorption and the 
transmittance, Eq. (3) [33].  
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F. Fernandez et al. [34] claim that that successful estimation of biomass concentration is possible 
as the attenuation increases, it is shown by proposing the hyperbolic model,  Eq. (4) [34]. (𝐴𝑡), 
Maximum attenuation achievable (𝐴𝑡𝑚𝑎𝑥), and (𝐾𝑎𝑡) constants which has been derived from a 
table of figures [34]. Illustrated below in Figure 1-3 biomass concentration with attenuation on 
the Y-axis. 






Figure 1-3 Hyperbolic equation predicting attenuation over high biomass concentrations 
Inconsistent solar light patterns throughout the day combined with high concentrations of microalgae in outdoor 
cultivation units show that the hyperbolic equation derived from experimental results would closely detail the 
attenuation. Y-axis: Attenuation [34]. 
Recent studies outlined by C. Hung et al. [28] show that beer’s law was used to find maximum 
transparent rectangular chambers (TRC), to understand the best light exposure to microalgae 
cultivating inside [28]. 




Eq. (5) illustrates the irradiance inside the culture by 𝐼(𝑧, 𝐶𝑏), biomass concentration (𝐶𝑏), length 
of the optical path (𝑧), (𝐼0) the measured irradiance on the culture surface and the extinction 
coefficient  (𝐾𝑏) which is how equipped a culture can absorb a given wavelength input [28]. The 
purpose of this research was to explore which type of the three designs exhibit maximum light 
penetration into dense microalgal culture to encourage growth [28]. 
 
Figure 1-4 Photobioreactor designs for maximum light penetration 
(▼) TRC1. (▲): TRC2. (●) TRC3. Bioreactors examined in microalgae production with the ability to conduct 
light to dense cultures, as concentration increases irradiance decreases [28]. 
In contrast, both papers affirm that beer lamberts law can account for attenuation of light when 
biomass concentrations are low [34], [28]. On the other hand, F. Fernandez et al. [34] found that 
Beer-Lamberts law only responded well to low biomass concentrations. Whereas Eq. (4), 
adjusted well to higher biomass concentrations. It should also be noted that Figure 1-3 accounts 
for 3 g / L whereas Figure 1-4 accounts for 1.5 g / L suggesting that biomass cultures greater 





Photoperiod is known as the Earth’s rotation around the sun and the daylengths which are 
measured in a 24h cycle and is also known as a light-dark ratio (light:dark) [35]. Cyanobacteria 
have developed their photoreceptors which allows measurement of light to anticipate the 
seasonal variations [35]. 
S. Wahidin et al. [14] asserts that photoperiod duration and light intensity has a positive effect on 
the growth of microalgae production [14]. Cultivations of Nannochloropsis sp was grown over a 
9-day period under three different photoperiod regimes with three different intensities of light 
exposure (50, 100 and 200 μmol / m2 s) with (12:12,18:06 and 24:00). Results from this study 
concluded that 100 μmol / m2 s with an 18:06 light:dark ratio performs the best.  
While Z. Khoeyi et al. [36] demonstrate growth characteristics of C. vulgaris in its three growth 
stages by varying the light intensity and the photoperiod (37.5, 62.5 100 μmol / m2 s) with 
(08:16, 12:12 and 16:08h) [36]. Maximum biomass production recorded was when 62.5 μmol / 
m2 s and 16:08 h ratio was used [36]. While Too much light intensity and longer photoperiods 
can be too stressful for growth conditions, the opposite can also have a positive effect [14].  
R. Anderson  [37] outlines that light:dark regimes for algae growth to be around the 12:12 to 
16:08 for a majority of algae cultures. Productive photosynthesis relies on a light: dark regime 
including lighting conditions: the duration and intensity [14]. 
Two different studies from S. Wahidin et al. is summarised below in Figure 1-5, while studies 





Figure 1-5 Light Intensities and Photoperiod study 1 
100 μmol m-2 s-1 of light intensity Including the photoperiod: (■) 18:06. (▲) 24:00 (♦) 12:12 (b). [14]. 
 
 
Figure 1-6 Light intensity and Photoperiod study 2 
62.5 μmol / m2 s of light intensity including photoperiod with the best growth rate experienced with 16:08 







Algae that can survive over a broad temperature range are considered to be more suitable for 
culture cultivation, primarily when the fatal temperature is increased a little more compared to 
their optimal growth temperature [16]. Typical effects of Increasing temperature range affects 
the algae in the following way, the ability for the algae to perform photosynthesis which leads to 
the lack of oxygen production and causes damage within the cell membrane [15]. Page (11) 
Figure 1-7 depicts algae strains exposed to temperature variations.  
 
Figure 1-7 Growth rate behaviour resulting from temperature variations 
of four algae species and their growth rates expressed. As temperature increases, the algae growth rate reaches a 
max and then begins to diminish [15]. 
Thermophytic algae are known best where the fatal temperatures can exceed 85 ºC in 
temperature, Cyanidium caldarium, Synechocystis and Phormidium are just some of the 
thermophytic algae strains [38]. While eurythermal strains like Chlorella have had much success 
overgrowth ranges from 4 ºC to 38 ºC, other algae strains such as Navicual glaciei showed 
decreased growth rates as optimal growth temperature is increased beyond  4 ºC [39].  
A paper presented from “Effect of temperature and light on the growth of algae species” Presents 
optimal temperatures for particular species of algae [40]. The information in Table 1-1 illustrates 




Table 1-1 Optimal temperature ranges for Algae 
Algae species Colour Temperature range (ºC) 
Chlorella. minutissima Green 10-30  
Spirogyra species Green 10-17 
Chaetomorpha valida Green 17-29 
Heterosigma species Red 16-30 
Chattonella species Red 17.5-30 
Porphyra species Red Optimal at 15  
Sargassum horneri Brown Optimal at 25 
Euglena gracilis Brown 27-31 
Ostreopsis cf. ovata Brown 18-30 
 
Below in Figure 1-8 depicts that not only does light intensity have a considerable effect on 
growth rate but so does the temperature [6]. Below the results by M. Huesemann et al. showing 
algae growth rates as a function of temperature and lighting intensity [6]. 
 
Figure 1-8 Effects of growth rates with Light intensity and temperature 
Chlorella sorokinian performed the highest growth rate temperature of 36 ºC and around 500 μmol / m2 s [6]. 
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Microalgae species but not all are known to experience growth from temperatures over a wide 
band between 15 ºC -30 ºC however, the optimal conditions usually lie between 20 ºC -25 ºC 
[15]. 
As the primary goal is to control the growth by increasing yield, strict control of temperature is 
also necessary [41]. A study to the growth of bacteria (Rhodobacter capsulatus ) used phase 
change materials (PCMs) was conducted, the product acts as a temperature absorber that takes 
the heat in during the day and reduces the stored energy during the night [42]. Selection of the 
PCM included the temperature profile of the location, including the phase change two times per 
day. Experimental PCMs used are, Decanoic (organic) and Glauber’s salt (inorganic) both with 
melting points of 32 ºC [42]. The PCM was part of one of the three photobioreactor 
arrangements in Figure 1-9. 
 
Figure 1-9 PCM experimental design for temperature control 
(1-4) Compartments with (4) being the PCM. (6-11) Various sensors temperature and light [42] 
Experimental results reveal that; Rhodobacter capsulatus the species of interest, generates heat 
because of the metabolic behaviours and light absorption. System (1) PCM and bacteria reach a 
maximum temperature of 50 ºC. Compared with the system (2) the bacteria in water with no 
PCM was 60 ºC and system (3) with only water 40 ºC. The overall temperature change observed 
was only a marginal difference per hour, 8.7 down to 6.4 ºC with a maximum temperature of 60 
ºC to 50 ºC, not enough to keep the bacteria alive for the growth setpoint of <40 ºC [42]. 
Although this is a more nonconventional range of temperature control, studies concluded that 
energy required for cooling was reduced by 52% [42]. The temperature behaviours concerning 





Photobioreactor with PCM: --- (1) 
PCM compartment: == (4) 
Photobioreactor with bacteria: __ 
(2) 
Photobioreactor with water: … (3) 
Figure 1-10 Temperature of various cultures with PCM 
To regulate the temperature towards setpoint shows promising results but still fail to reach the desired 
temperature. The compartment with water (3) compared to the compartment with bacteria (2) shows how 
much energy generated causes the system to increase temperature [42]. 
Algae cultivation must be suitable for the geographical location and have a broad growth 
temperature to be economically viable to produce high-value products [16]. It is shown that 
producing astaxanthin from H. pulvialis is not economically viable when cultivated at its optimal 
growth range temperature of 20 ºC [43]. Experimental temperature ranges from 20 ºC - 30.5 ºC 
where evaluated with an economic assessment [43]. Results concluded, maintaining the optimal 
20 ºC temperature required more energy compared to 27 ºC, so a location of Kobe in Japan, would 





Studies established by C. Hsieh et al. [44] show that batch cultivation has to result in improved 
lipid growth. By feeding algae, the correct nutrients like nitrate, ammonia, and urea; which is a 
white crystalline water-soluble solid that is a source of nitrogen [45], [44]. Studies involving a 
semi-continuous process show that lipid productivity in the early stationary phase can be increased. 
By timing the amount of urea feed (0.025 g / L)  to Chlorella sp in doing so the urea deficient 
condition is replaced [44]. Below the findings. 
 
Figure 1-11 Urea feed times concerning growth rates 
(■): Biomass concentration. (□): Urea concentration. After a feed of 0.025 g / L on day three biomass 
concentration is increased again [44]. 
 
Minerals are often part of a cultivation recipe and sometimes include potassium, sodium, 
calcium, sulfate, magnesium, and phosphate [46]. It has been shown that limiting the phosphate 
in Scenedesmus Obliquus increases lipid accumulation [47]. G. Iyer et al. [48] shows that green 
algae Chlorolobion braunii and Coelastrella oocystiformis can absorb various concentrations of 
potassium: (200, 400, 600, 800, 100 and 2000 ppm) [48]. When Coelastrella oocystiformis is 
exposed to 400 ppm of potassium the algae concentration was found to absorb 75.8% of the total 
potassium. While Chlorolobion braunii is exposed to 400 ppm of potassium it could uptake 
40.66%; other concentrations yield had less uptake [48].  
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While some of these nutrients are useful for the lipid growth, algae such as Chlorella vulgaris and 
Chlorella salina have promising results in contamination reduction [49]. When algae are exposed 
to these contaminants, the reduction in pH was noticed including, total dissolved solids [49]. 
Biological oxygen demand and chemical oxygen demand measures of water toxicity had 
reductions of both algae strains including heavy metal contamination [49]. Figure 1-12 on page 
16 summarises the findings, as shown C. Vulgaris yields the most promising results. 
The study is further confirmed by E. Salama et al. [50], that nitrate, phosphate, urea ammonia and 
various trace elements are the building blocks for microalgae growth, but further suggests that 
ratios of N or P should be considered when using wastewater for algae nutrients [50] 
pH value before and after treatment 
 
Total dissolved solids before and after 
 
Biological oxygen demand before and after 
 
Chemical oxygen demand before and after 
 
Figure 1-12 Microalgae treatment in polluted water 
The dark black columns are before treatment followed by C vulgaris and C salina respectively. A before and 




1.2.6 Salt concentrations 
Halophytic is known for its very high salinity conditions where algae can grow. Stephanoptera, 
Eherenbergii, Ulothxix,  Dunaliella salina and Oscillatoria are known to be some of many algae 
which can tolerate these conditions [38] [8]. These algae strains are particularly useful when 
biofuel production require water and land. Therefore microalgae can be grown in the rich saline 
ground, and fresh water can be spared for agricultural food crops [16]. 
A current study suggests a two-phase method which aimed to increase the lipid content Dunaliella 
tertiolecta [51]. The first phase of the method is to incorporate 2,4-Dichlorophenoxyacetic acid 
(2,4-D) into the culture medium at the early stage which increases the significant accumulation of 
biomass by 40-50% [51]. This was done in combination by adding Auxin (plant hormones) at the 
beginning and end. At the stationary phase; delivering NaCl is added to rapidly increase the salinity 
from 0.5 mol L-1 (M) to 2 M [51]. A reasonable elevation in growth and the production of lipids 
was recorded. Results from this study below Figure 1-13. 
Salt stress causes algae to consume more glucose by doing so the accumulation rate of biomass 
can be prolonged and increase for a period reported by T. Wang et al. [52]. 
 
Figure 1-13 D. tertiolecta growth phase over 14 days 
while exposed to an optical density of 680 nm, NaCl is used on the growth of D tertiolecta. Exponential to 
linear growth is observed between 0-10 days, by day (12-14), 1 M NaCl shows the growth tends towards 




1.2.7 CO2 and microalgae growth 
CO2 Fixation by biological means is well known as, biofixation by the application of microalgae 
to reduce the impact of CO2 [53]. In order to increase biomass production and perform 
photosynthesis, algae require a carbon source such as CO2 gas or chemical bicarbonate [54]. 
In 2017 the PBL Netherlands Environmental Assessment Agency reports that; global greenhouse 
gas emissions (GHG) increased towards the 49.3 gigatons [55]. Increase in renewable energy usage 
and the decrease in coal consumption continues to play a role, and it was reported that 2016 that 
the increase had slowed by 0.5% [55]. The emissions consist of about 72% carbon dioxide (CO2), 
Methane, Nitrous oxide and various other gases known as fluorinated gases which make up the 
remainder [55]. Whereas the annual emissions in Australia for December 2017 were recorded at 
533.7 Mt CO2-e which was a 1.5% increase from the previous year [56]. 
Theoretically, 513 tonnes of CO2 can be consumed by microalgae, and 9% of the solar input energy 
is converted into 280 tonnes of dry biomass yield per hectare per [53]. While K. Kadman [57] 
argues that a 50 MW power plant could approximately generate 414 000 t / yr of CO2, as a result 
implementing a microalgae cultivation system which consumes 1000 ha of land could mitigate 
210 000 t / yr of the CO2, based on data conducted from San Juan power plant in New Mexico 
[57]. 
High microalgae growth rates have been reported by M. Morais et al. [58] when CO2 was 
introduced to algae (Scenedesmus obliquus and Spirulina sp) and cultivated at a temperature of 30 
ºC with a 12:12 h light dark ratio consisting of 3200 lux illumination [58]. The study considers 
bioreactors in a column arrangement with aeration supplied from a compressor arrangement [58]. 
To compare the results of both species, three bioreactors have different concentrations of the CO2 
respectively 0%, 6% and 12%. The first bioreactor consisting of 0% CO2 shows that the specific 
growth rates (μmax) for Spirulina sp to be 0.33 / d while S. obliquus to be 0.15 d
-1 [58]. While the 
μmax recorded with 6% CO2 fixation was 0.44 / d and 0.22 / d respectively and when 12% CO2 
fixation was introduced, μmax observed was 0.33 / d and 0.22 / d respectively [58]. The results 
concluded that Spirulina sp and S. obliquus had the highest μmax when 6% of CO2 was introduced, 




pH of large values can affect the lipid growth and cause triacylglycerol (TAG) accumulation [59]. 
TAG protects the algae when over energisation occurs and is a response mechanism when stressful 
conditions arise [60]. It has been shown by M. Bartley et al. [61] Nannochloropsis salina that the 
optimum growth rates when pH was between 8-9 and by the addition of 400pm of CO2 via air 
stone aerators, a pH below 8 could be maintained [61].  
While N. Moheimani [62] reports that Tetraselmis suecica and Chlorella sp have separate pH 
conditions at night and day. Results of this experiment reveal that Tetraselmis suecica increase in 
pH from 7.6 - 8.7 on daytime when no CO2 is added and a reduction in pH at night time to 7.9 [62]. 
Chlorella sp, on the other hand, increased pH 7.6-9 at daytime and decreased back to 7.6 at night 
time [62]. Reducing the pH for Tetraselmis suecica and Chlorella sp to 6 and 5 respectively found 
that the algae cells would clump or stick to the glass walls of the PBR’s until the optimal pH to 
previous values were obtained [62]. 
R. Munzo et al. [4], mentions that a possible cause to a rise in pH is the microalgae uptake of CO2 
and asserts that in cultivation systems the pH balance is easy to control [4].  
1.2.9 Respiration 
Respiration is a process that algae perform for some biological activities such as, production and 
consumption of oxygen [63], [64]. Photorespiration is a process in C3 plants which reduces the 
efficiency of photosynthesis; this is known to occur when CO2 levels are low [65]. Although an 
essential process, respiration and photorespiration effects can be reduced by limiting the 
concentration of oxygen, in doing so the oxygen is not catalysed by the enzyme known as Rubisco 
[64]. The decline in respiration has considerable effects on algae growth rate of biomass overnight 
from light and temperature fluctuations from dark respiration [16], [6]. 
Exposure to light experiments where conducted and it was found seasonal variations L. 
corallioides has maximum respiration in the summer compared to the winter [66]. Influencing 
factors include salinity and the season; including temperature requirements for photosynthesis and 
20 
 
respiration [66]. Below the gross production affected by irradiation and respiration inhibiting 
growth. 
 
Figure 1-14 Irradiance and daily estimated production of algae Lithothamnion corallioides. 
The dotted line is the surface of the water and the solid line, underwater irradiances. This figure represents the 
variations over the summer and winter of the production [66]. 
 
1.3 Microalgae cultivation 
Efforts into laboratory scale of microalgae and the commercial farming of microalgae have been 
around since the late 19th century and can be dated back further in time. Cultivation since has been 
evolving and optimised into what it has become today as closed, vertical or open methods of 
cultivation [2]. With a clear goal to create an economically viable microalgae process, and produce 
high biomass daily yields [6]. On the other hand selection of algae, strains must flourish under all 
conditions in the environment and outcompete other algae strains that may cause cross 
contamination which is why open and closed cultivation methods have existed [41].  
Small-scale laboratory experiments are not always viable on larger upscale designs because room 
temperatures and lighting intensities will not guarantee that these microalgae cultures will flourish 
under daily variations in a seasonal outdoor environment [6]. The growth of microalgae is so 
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closely related to the temperature conditions and the lighting available that the design and 
operation of culture environments must be taken into account [15]. 
1.3.1 Open culture environments 
Facilities that operate on a large scale are more concerned with the high rate of production and are 
outdoor arrangements known as open ponds [8]. Open ponds are less labour intensive to design 
and are constructed with channels of water known as a raceway [67]. Raceway designs also come 
in the shape of an oval and are circulated with a paddlewheel which also assists in moving the 
algae around raceway while mixing it [7].  
Typical surface areas of a raceway can be maximised by the following equation below (ρ) is 
density algae broth (P) is the length p/𝑞 is a ratio and is recommended that it should be larger than 




+ p𝑞 (6) 
 
 
Figure 1-15 Raceway pond from the top view down 
(ρ) is density algae broth: (P) is the length [31]. 
VL is the working volume which relates the surface area with the depth of the algae culture broth. 
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 𝑉𝐿 = 𝐴ℎ (7) 
Turbulent flows in the raceway enable the algae cells to mix and enhance the removal of the 
oxygen which has been generated when photosynthesis occurs [54] 
The Reynolds number Re is determined by (ρ) density of the algae broth, (u) the velocity, (dh) 





Below, Figure 1-16 illustrates the open cultivation methods. 
 
(A) Photo credit: V. 
Blagotinsek,  
 
(B) Photo credit Cognis 
nutrition and health [38]. 
 
(C) Photo credit D. Sahoo [38]. 
Figure 1-16 Open Culture environments 
(A) Paddlewheel raceway design at Murdoch R&D Centre, Perth W.A. (B) Dunaliella Salina production in 
Australia. (C) Raceway Pond. 
1.3.2 Closed culture environments 
Photobioreactors (PBRs) best described as a closed system that comes in many different 
arrangements. Constructed from glass or plastic they are used when carrying out closed culture 
cultivation that is not exposed to contamination or environmental conditions [7],[8], [9]. These 
arrangements come in the form of; Tubular which is better known as manifold PBRs (horizontal) 
or Serpentine PBRs (vertical), Flat Panel PBRs and column PBRs, each of them have one 
advantage over the other [7].  
Tubular PBRs although very different from column PBRs are covered in detail by [68]. These 
PBRs use mechanical means by pumps or sequestration to inoculate the exchange of CO2 and O2 
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for the culture medium. Tubular type PBRs reduce the energy lost when dealing with pipes due 
to head losses and allow lower oxygen concentrations to occur which is favourable in 
commercial practices to upscale [7], [9]. Flat plate PBRs can be tilted and orientated towards the 
light and are designed for high efficiencies when accelerated photosynthesis is needed [7], [9]. 
Column PBRs are designed in a vertical arrangement with air-lift suspension. Some even have 
two columns; one inside the other which is designed for high-density algae cultures that require 




(A) Photo credit: D. Sahoo [7]. 
 
 
(B) Photo credit: AlgoFilm University of 
Nantes, France [54]. 
 
(C) Photo credit: The company Plexiglass 
[9] 
 
(D) Photo credit Prof. E. Molina Grima [9]. 
Figure 1-17 Closed Photobioreactor arrangements 
Typical closed cultured environments and their different methods of cultivation: (A): Tubular Manifold (B): 




Table 1-2 Cultivation methods overview 
Open/outdoor represents the outdoor cultivation method which is exposed to the atmosphere, while closed 
represents closed environments, outdoor or indoor. This overview is a broad spectrum of the immediate pros and 
cons of each method, not so much the individual aspects of each cultivation method. 
S.No. Cultivation type Cultivation 
Name 
Pros Cons 







-Less complex to build 
-High Production 










difficult  [40]. 
-High risk of 
contamination [54]. 




2. Closed culture 
/outdoor or indoor 
environments 
Tubular PBRs, 





-No cross contamination 






surface area [70] 
-Fouling formation on 
inner walls which can 
have effects on 
photosynthesis [54]. 
-Expensive on a large 
scale [70] 





1.4 Effective Photobioreactor design  
PBRs should be efficient in light capture and the distribution of the light to the algae so effective 
photosynthesis can be performed it should also offer the user the ability to perform precise control 
of the variables so that cell growth can be optimised [10], [11]. As the algae inside the 
photobioreactor begin to grow the broth begins to increase density, this affects the light intensity 
that causes a reduced effect on the immediate growth rates [13].  
1.4.1 Mixing 
Mixing of the culture is one option to improve the exchange of PFD to the algae culture. However, 
it noted that aggressive amounts of mixing cannot be tolerated by all species [71], [13]. Studies 
suggested by N. Moheimani et al. [72] that the different mixing speeds influence the growth of P. 
carterae [72]. Varying the Reynolds number between 15,979 and 79,866 respectively (100 rpm) 
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and (500 rpm), growth rates would decrease as the Reynolds number was increased past 31,927 
(200 rpm) [72]. Experiment results conclude that as a range of 0 – 200 rpm is maintained algae 
culture growth rate performs best [72]. Below Figure 1-18 shows the results. 
 
Figure 1-18 Growth rate of P. carterae with various mixing speeds 
Effect of growth rate as the rpm of the mixing bar was increased, optimal growth conditions were experienced 
between 0 – 200 rpm [72] 
 M. Leupold et al. [73] confirms that applying a sheer force of a smooth nature can produce better 
growth characteristics. While photosynthetic changes can be observed even when small changes 
on the tip speed are regulated [73]. While Q. Huang et al. [74] asserts speeds of 1m s-1 have the 
potential to produce micro eddies that are detrimental to cell growth.  
1.4.2 Light 
Microalgae’s natural habitat is outdoors, however Q. Huang et al. [74] assert that the primary cause 
for temperature rise in cultivation is the radiance applied to microalgae outside of the PAR range 
while ultraviolet is detrimental for cell development [74]. This is affirmed by R. Munoz et al. [4], 





Closed bioreactors have the advantage of better temperature control over a wide range of species 
as mentioned by M. Borowitzka [12] that confirms, a broad range of algal species can be cultivated 
[12]. M. Borowitzka further suggests that temperature control can be done by a heat exchanger or 
evaporative cooling [12]. 
To date, 35,000 microalgae species have been identified [16]. Table 1-1 highlights the temperature 
ranges of microalgae are very wide and different. While B. Uyar et al. [42] established that PCM 
could absorb 76.4 W h, it suggested that a more convenient method would be to use a heat pump 
that has a coefficient of performance (COP) of 3 [42].  
Thermoelectric refrigeration involves the Peltier effect of transforming electrical energy into 
heating or cooling methods [75]. Cooling is achieved when a voltage difference is applied to 
dissimilar metals at the junction increasing the temperature at one junction and cooling down the 
junction at the other [76].  
 
Figure 1-19 Thermoelectric module 
Peltier effect creates a temperature difference on each side of two semiconductor materials n-type and p-type. 
When DC voltage is applied across the two semiconductors the heat plates on both sides, absorb and remove 
heat [76]. 
Microcontrollers have been used to control the temperature output of a thermoelectric cooler 
(TEC) [76]. Controlling the temperature of the system is done by switching the relay on or off 
based on the temperature that was set within a range [76]. While recent studies found this method 
was by far the least efficient; stored energy in the heat exchanger will flow back towards the cooler 
side of the Peltier module when switched off [77]. This scenario causes power consumption costs, 
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reduced COP and temperature oscillations as shown in Figure 1-21, so other methods should be 
investigated such as Proportional integral and derivative (PID) control [77].   
Temperature control via pulse width modulation (PWM) has been implemented by using off the 
shelf PID controllers MAXIM (MAX1978) © specific for TEC temperature regulation [78]. 
Results showed that the temperature was maintained around a steady state of 25.069 ºC with 4-
watt power consumption as shown in Figure 1-20 on page 27 [78].  
 
Figure 1-20 Steady State temperature of Peltier with PID control 
Once the temperature reached a steady state after 387 seconds, it is shown that 25.069 ºC is maintained [78] 
Reviewing the case for both results and comparing Table 1-1, precise temperature control would 
be not required because of the optimal growth range of algae [15]. While issues of heat flow 
towards the cold end when switched off mentioned by A. Martinez et al. [77], can be solved by 
extracting the heat from the hot side of the TEC with a fan to minimise the heat flow towards the 




Figure 1-21 Temperature control with TEC on/off Control 
Setpoint bounds cause the oscillations of the temperature when TEC on/off switching is involved. Switching a 
full 12 V is represented by (---) whereas the idling voltage of 5 V (-) was used to switch the TEC. Notice the 5V 
has a longer time constant compared to the full 12 V range. While PID (···) asserts its position as optimal control 
logic [77]. 
 
1.5 Literature review conclusion 
Microalgae growth is affected by the amount of light intensity received within the PAR range that 
is not always dependent of solar irradiance but also come from artificial sources. Microalgae 
concentrations increase as growth rates increase causing the density in biomass concentrations to 
become thick for light to reach the inner solution. It is also realised that the importance of the 
photoperiod has a crucial role on the development of culture and a reasonable amount of 
consideration into photoperiods must be investigated. 
Temperature plays an essential role for growth, and the fatal temperature of algae must be 
understood before attempting to cultivate the biomass for research purposes. As nutrients are an 
important factor for microalgae growth, considerations into how much salt, carbon sources and the 
pH level will improve growing conditions. 
Microalgae cultivation is the best way to improve strain quality while open and closed culture both 
have their pros and cons. Controllability of the variables that influence growth will enhance 
microalgae production. If optimal control is required, use PID control while simple on-off control 




 Materials & Design  
The design for a PBR system needs to be a closed system where the temperature can be maintained 
constantly. Because microalgae require light for growth the use of LED lighting will be installed 
inside the PBR while the various PAR ranges can be explored through controllability of the LED 
light. The agitation motor will be installed below the PBR flask on the outside of the system while 
a magnet housing will be designed, and 3D printed. 
To ensure the system can maintain a constant temperature, insulation will be cast around the 
complete housing to ensure no heat energy can enter the system. A thermoelectric cooler will be 
installed by conduction onto the aluminium housing and a heat sink with fans will be provided to 
remove any excess heat energy generated by the thermoelectric cooler. 
The controllability of the PBR is done by sensors by Arduino temperature and LUX while the 
pulse width modulation provided on the micro controller will output the appropriate voltage for 
the thermoelectric cooler. 
Cost effective design of PBRs are needed in order to offset the high production costs associated 
with biomass production when compared to agricultural or forest biomass [10]. The research 
conducted in this thesis will provide a foundation for future works that will facilitate a low budget 
high production cultivation unit that is efficient. 
Below in the following section is the materials used for the design and a reference for each 





All materials are directly sourced from local stores around Perth. To illustrate the materials used 
for this design while all links are supplied in the reference section for each component. All the 
parts for this design are accessible to the public domain and are purchased online.  
2.1.1 Microcontrollers and instrumentation  
Microcontrollers 
All microcontrollers and sensor accessories are a hobby-based product which is purchased from 
Jaycar electronics. Two Duinotech XC 4410 microcontrollers consist of 14 digital input/output 
pins that include 6 digital pins denoted by the symbol (~) for the PWM signal, and 6 analogue pins 
A0-A5 [80]. Controllability of the variables will give the advantage of temperature control and 
allow algae species over a growth range to be cultivated and experimented with [12]. 
Temperature and humidity sensor 
DHT11 Temperature and humidity sensor sensitivity range operates between the humidity range 
of 20% to 80% ± 5% and temperature range of 0 ºC to + 50 ºC ± 2 ºC [81]. The advantage of this 
product is that the humidity and the temperature are displayed by a single sensor. 
Temperature sensor 
LM335Z is the second temperature sensor used in this project. The operation range of the sensor 
is between -40 ºC to +100 ºC ± 0.3 ºC with the output of 10 mV ºK-1 [82]. It is used for the ambient 
internal temperature 
Temperature sensor for PBR water 
The sensor used for the PBR flask and is a waterproof digital temperature sensor DS18B20. It has 






Appropriate lux sensor used is the TSL2561, this sensor allows the Arduino platform to 
communicate and program the lux sensor. The operating temperature is between -30 ºC to + 80 ºC 
with the Lux range of 0.1 to 40,000 Lux [84].  
Some algae can experience high growth ranges when a blue and yellow light is mixed [25]. 
Because of the various colour spectrums of light microalgae can grow in, it is advantageous that 
the operator of the system can input the PAR range and the intensity. 
2.1.2 Power supplies and switching 
Power supplies 
Two power supplies where purchased, the first one is a two-channel power supply constructed by 
Mean Well part number RID - 125. Channel 1: 12 VDC, 9.2 A channel 2: 5 VDC, 3 A [85]. The 
second power supply constructed by POWERTECH, part number MP-3165, a single channel 12 
VDC, 3.5 A [86]. 
MOSFET switching 
To switch power for the auxiliary equipment logic-based, N-Channel MOSFET model number 
STP60NE06 is used for two reasons. Firstly, high voltage and current carrying capacities 60 V, 60 
A make this MOSFET suitable to operate over a broad range. Secondly, the microcontroller output 
voltage from the digital side PWM is 0 VDC to 5 VDC, this allows the gate to tolerate a voltage 
between 0 VDC to 5 VDC and does not limit the power input to the devices [87], [88]. 
Solid state relay 
SSR-25-DD allows high powered applications without exceeding the maximum power rating. A 
3-32 VDC signal can switch a higher voltage 5 to 60VDC [89]. Solid state relays are excellent 




2.1.3 Thermoelectric cooler and heat removal 
TEC Peltier 
Many electronic stores sell the Peltier TEC devices. It has efficient voltage Vmax of 15 VDC and a 
maximum of 8.5 A, with the 𝑄𝑚𝑎𝑥 = 68 𝑊 [90]. Achieving a maximum Qc of a Peltier correspond 
to the optimal voltage and currents applied.  
The Seebeck coefficients are essential for determining the TEC characteristics however, the 
mathematical equations which are used in determining the available power and COP are 
ambiguous from make to model. The main reason is, manufactureres data sheets do not mention 
what type of coefficients the n-type and p-type semi conductor constants are. This makes it difficult 
to calculate the TEC correctly. Seebeck coefficients do exist for Peltier devices but without 
knowing what this data is the information cannot be quantified. Supplied data sheets are more than 
enough to correctly quantify the heat energy absorbed per power input and is expanded upon in 
the latter [91].  
Basic operation of a TEC works by applying a voltage to the positive and negative conductors, 
creating a temperature difference on each side of the plates. The low temperature Qc side and heat 
rejected being the higher temperature side Qh. 
 
Figure 2-1 TEC arrangement with p and n-type semiconductors 






Purchase of a heatsink has the unit dimensions of 0.2 m x 0.01 m x 0.015 m. The aluminium 
construction has a low thermal resistivity of 0.48 ºC/W and is used for the hot side of the TEC. 
The heatsink will reduce the flow of any heat energy flowing back towards the cool side of the 
TEC [77]. 
Heatsink Fans 
Two fans model number YX-2521 is for extraction of heat from the heatsink both with 0.9 m x 0.9 
m. The fans maximum operating condition is 12 VDC, 320 mA. Both fans have a maximum of 
3000 RPM with a maximum volume of 0.028 m3/s. The fans will enable a greater heat energy 
removed from the heatsink [79]. 
2.1.4 Thermal enclosure 
Black Polyethylene Bucket  
A 20 Litre black bucket has the diameter of 0.2285 m with a thickness of 0.003 m. 
Polyurethane Foam fill 
Fomofill ™ is a self-expanding polyurethane foam produced by Ramset. It has a density of 25 
kg/m3 to 35 kg/m3 and thermal conductivity of 0.04 W/m °C. The long-term operating temperature 
range is -40 °C – 90 °C [93]. 
Epoxy glass base 
An epoxy glass used for the base of the thermal enclosure has a thermal conductivity of 0.29 W/m 
°C and sourced from any local hardware store [94]. Aluminium would have been attractive to use 
because of the high thermal conductivity properties, but the correct sizing for a base is difficult cut 
and weld which requires skilled labour. 
Internal aluminium enclosure 
Aluminium housing forms the internal enclosure it has an inner diameter is 0.173 m and 0.001 m 





Thermal paste used for all heat joints is Nano Diamond Thermal Compound ™. The volume 
required, and cost determine which thermal paste is suitable for the application. 
2.1.5 Microalgae PBR agitation 
Hydrodynamic bearing case fan 
A case fan with dimensions 0.12m x 0.12m x 0.025m bearing fan is used. The fan speed is 1000 
RPM with a maximum power consumption of 12 VDC, 80 mA. Microalgae species cannot tolerate 
large amounts of vigorous mixing therefore control of mixing will be determined by the user [71]. 
3D printed fan housing magnet holder 
The magnet holder attachment is designed on the dimensions of the fan for agitation. Further 
details of the schematics for the magnet holder in Appendix A.1 illustrate the dimensions. The 
purpose of this design is to reduce the magnetic field induction that the magnets will cause on the 
fan motor reducing the output RPM. A calibration curve is obtained to quantify the speed of the 
motor. 
Magnets 
Two Neodymium block magnets establish the magnetic field to the inside compartment. 
Dimensions of this magnet are 25mm x 12.5 mm x 3.5 mm consisting of a pull force of 4.7 kg and 
N38 magnet grade. 
2.1.6 PAR range LED RGB lights 
12 VDC, 0.6 Amps/m LED RGB lights has the PAR range of 475 nm to 630 nm. The user will 
have control over the amount of intensity within the chamber to favour the microalgae’s optimal 
growth regions [23]. There are higher LUX intensity options of RGB lights on the market with 
input voltages of 24 VDC but consideration to purchase the 12 VDC is based on cost. The user 




2.1.7 Software programs 
Arduino 
C++ is the Arduino is the open source programming language, the version used for this design is 
1.8.5 [95].  
LabVIEW 
LabVIEW is the interface medium between the user and the process. Since the microcontroller is 
open sourced Arduino a communication language must establish both platforms so controllability 
of the system from the user input is possible. 
2.2 Design 
Adopting the following notation in the coming chapters is displayed below.  
𝑄 > 0 ∶ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
𝑄 < 0: 𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
𝑊 >  0:𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
𝑊 <  0:𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
2.2.1 Thermoelectric cooling and selection  
The opposite of a Seebeck effect can describe TECs, that is instead of generating a voltage when 
two dissimilar metals are touched they can generate a cold temperature on one side and a hot 
temperature on the other side known as ∆𝑇𝑇𝐸𝐶  [96]. This is done when applying a DC 
electromotive force to the semiconductors arranged by n-type and p-type configurations [96]. 
Advantages TECs offer are the reduced size, weight, simplicity and no moving parts or refrigerant 
[97].  
Design calculations for the TEC are based on the ambient temperature of the external environment 
30 °C. The ambient temperature for this design is chosen because a worse case scenario will 
highlight how well the PBR operates at a worse case scenario. The internal system must maintain 
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a final temperature where Tf = 15 °C. 15 °C is chosen as the worse case design criteria that the 
PBRs minimum temperature must reach. The temperatures mentioned are chosen to reflect the 
microalgae growth ranges 15 ºC + 30 ºC [40]. Below the calculations illustrate the total amount of 
energy required to keep the PBR at a steady state temperature of 15 ºC. Complete work and 
calculations is provided in Appendix A.3. 
 𝑄𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 = 𝜌𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 · 𝑉 ∙ 𝐶𝑝 ∙ ∆𝑇 = 64.51 𝑊ℎ (9) 
 𝑄𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 ∙ 𝑉 ∙ 𝐶𝑣 ∙ ∆𝑇 = 0.2437 𝑊ℎ (10) 
 𝑄𝑤𝑎𝑡𝑒𝑟 = 𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑉𝑤𝑎𝑡𝑒𝑟 ∙ 𝐶𝑤𝑎𝑡𝑒𝑟 ∙ ∆𝑇 = −5.80 𝑊ℎ (11) 
 𝑄𝑡𝑜𝑡𝑎𝑙 = −𝑄𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 − 𝑄𝑎𝑖𝑟 − 𝑄𝑤𝑎𝑡𝑒𝑟 = −70.34 𝑊ℎ (12) 
TEC selection depends on ∆𝑇𝑇𝐸𝐶 = (𝑇𝐻 − 𝑇𝐶) on each side of the TEC device. 𝑇𝐻 is the hot side 
of the TEC and 𝑇𝐶  the cold side [92]. This temperature gradient will reduce the TECs ability to 
operate efficientley. 
Determining the ∆𝑇𝑇𝐸𝐶 requires information from the amount of heat the heatsink can dissipate, 
the ambient temperature and the internal heat energy that will be removed. ∆𝑇𝑇𝐸𝐶 is calculated by 
the thermal resistivity of the heatsink, QTotal  in Eqn. (12) and the ambient temperature 30 ºC. Below 
the results by a similar method adopted from [98]. 
 𝑇𝐻 = 0.48 ℃ 𝑊⁄ ∙ (70.34 𝑊ℎ) + 30 ℃ ≈ 64 ℃  (13) 
 ∆𝑇𝑇𝐸𝐶 = 𝑇𝐻 − 𝑇𝐶 = 64℃ − 15℃ = 49℃ (14) 
All the information gathered is organised into three cases presented in Table 2-1 below. 
Table 2-1 TEC design working parameters 
Three different values of Qc is explored. To achieve a lower Tc the coefficient of performance will reduce 
because Qc will reduce as ∆𝑇𝑇𝐸𝐶  increases. 
S. No 𝑻𝑯 (ºC) 𝑻𝑪 (ºC) ∆𝑻𝑻𝑬𝑪(ºC) Voltage (V) Current (A) 𝑸𝒄 (W) COPTEC 
1 64 15 49 12 5.5 25 0.378 
2 64 10 54 10.6 5 20 0.377 
3 64 0 64 9.2 4 0 0 
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Three conditions have been characterised with S.No 1 the most desirable result. The decision that 
S.No 1 is decided upon, Qc represents the amount of heat absorbed, which is much higher value 
compared to the other S. No. Although it is attractive to have a much lower temperature of Tc = 0 
ºC, the diminishing returns of Qc produce 0 Wh of energy absorbed, not enough to remove the 
required energy in Eqn. (12).  
The coefficient of performance (COPTEC) corresponds to how well the TEC can operate; while 
some well-equipped heat pumps are 6.8 [42], [99]. This Tec has a COP below 1 meaning, the TEC 
is very inefficient. 







Low COP results are expected because the amount of input power required to keep the TEC at 15 
°C is 66 W, which is considered a significant input for such a small output Qc removed [100]. 
Obtaining a higher COP is achievable when QC output can attain a much higher energy absorbed, 
while the opposite is exact, reducing the input power will increase the COP. Neither condition is 
possible because the operating characteristics of TECs are limited.  
The maximum amount of deliverable power to the TEC must not exceed the TEC rated power. 
The chosen power supply for the TEC module was illustrated in section 2.1.2. It has the output 
power of 12 VDC and 9.2 A. It is essential that the TECs limitations are not exceeded this will 
consequently destroy the equipment. Below, 𝑃𝑚𝑎𝑥 is the maximum output of the power supply and 
𝑃𝑇𝐸𝐶  is the amount required to obtain values of Qc. 
 𝑃𝑚𝑎𝑥 = 110 𝑊 (17) 
 𝑃𝑇𝐸𝐶 = 66 𝑊 (18) 




2.2.2 Heat sink selection and design 
Extended surfaces such as fins enable the heat energy transfer to occur more effectively [96]. Heat 
sink selection is a function of the TEC Qh. For example, the more heat energy output of the TEC, 
the more heat energy the heat sink needs to remove therefore increasing the heat sink capacity.  
 
The viability of this design requires the heatsink to remove all the heat from the TEC denoted as 
QH. To determine the heatsink capacity for the design the amount of QH removed from the thermal 
housing is the sum of input power and Qc. The value of QH must not be larger than the maximum 
calculated value of heat sink Qhsmax. Eq. (13) calculated the hot side of the TEC, TH as 64 °C while 
section 2.1.3 illustrated the dimensions of the heatsink. Considering all the information at hand 
Qhsmax is calculated below while the full workings is provided in Appendix A.4. 
 𝑄ℎ𝑠𝑚𝑎𝑥 = 𝑛 ∙ (𝑄𝑓 + 𝑄𝑏) = 260 𝑊 (20) 
Qf  and Qb denote the heat transfer from the fins and base of the heat sink while the number of 
fins is n. QH is now finalised and shows that the heat sink Qhsmax is sufficient for heat removal. 
 𝑄𝐻 = 𝑄𝐶 + 𝑃𝑇𝐸𝐶 = 91 𝑊 (21) 
 𝑄ℎ𝑠𝑚𝑎𝑥 > 𝑄𝐻 (22) 






The cold end of the TEC is pressed firmly against the aluminium core, and thermal paste is applied 
to both sides to form a seal. Once the thermal paste is applied the heatsink is placed onto the 
aluminium housing. 5mm nuts and bolts are screwed in place to hold and clamp down the TEC 
between the aluminium core and heat sink. fans are used as forced convection to remove any heat, 
to ensure the fans are attached firmly, screws are used to hold the fans in place. Figure 2-2 below 
illustrates the design steps. 
a) Thermal Pase 
 
b) TEC with thermal paste and in position 
 
c) Heatsink with wall plugs 
 
d) Fans mounted onto heatsink 
 




2.2.3 Photobioreactor design and modelling 
A small enclosure is built for practical reasons; firstly, TEC output power is costly, and to build a 
larger chamber will require more TEC modules and larger power supplies.  
To ensure the thermal housing is adequate and a method is followed American Society of heating, 
refrigeration and air-conditioning engineers (ASHRAE) has strict guide principles that apply to 
building codes and are reviewed [101].  
Thermal insulation is assembled on the walls using Fomofill to reduce the air gaps. This will ensure 
that the walls reduce heat flow into the core and that the interior maintains an input steady state 
temperature. The internal aluminium housing is in direct contact with the TEC while the heatsink 
and insulation provides the thermal protection to the internal chamber.  
Thermal mass is created around the aluminium chamber to ensure the absence of heat is 
maintained. Fomofill is suitable for this application because it is a polyurethane polymer with a 
low thermal conductivity property [102]. Fomofill is cast around the aluminium enclosure 
carefully, while the black bucket preserves the adequate layer to a minimum wall thickness of 
0.047 m [103]. Thermal mass is the result, encasing the aluminium chamber with a low thermal 
conductivity material. 
ASHRAE describes a thermal bridge section by a location where higher heat transfer may occur; 
increasing energy use and moisture build-up [101]. Perspex plastic on base the section of the 
thermal housing represents a thermal bridge section. The thermal bridge in this design is a 
necessity; it assists in allowing the magnetic flux from the motor housing to reach the internal PBR 
flask for agitation. Fomofill is placed around the thermal bridge to reduce external heat transfers.  
Located next to the sensor cables is a second point entry, this is provisions for CO2, pH which 
allows already operational devices platform onto the PBR once other services are placed through 
this opening minimal heat transfers will occur. 
To reduce the impact of Fomofill entering the heatsink section metal is cast around the heatsink 
and the gaps are filled with thin cardboard to reduce the creep of Fomofill into the gaps and 
removed when dried.  
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For the base section to sit flat, the Fomofill is smoothed off at the point where it is about to about 
to set. The placement of fomofill in this section reduces the chances of any expansion from the 
Fomofill when curing times are in place as the Fomofill can expand to 3 times is volume.  
Figure 2-3 Below is the thermal housing design from top left (A) Aluminium housing and the 
heatsink. (B) Entry holes for auxiliary sensors and pipes for CO2 and PH. (C) heatsink. (D) Thermal 















Heat transfer model 
Qin is the total heat transfer between the external environment and the internal section. To 
determine the heat transfer from the outside ambient temperature +30 °C to the desired internal 
steady state temperature of +15 °C is calculated below in Figure 2-4, while the full equations and 
calculations are provided in Appendix A.5. 
 
Figure 2-4 Thermal resistance of the PBR 
Three layers, Light blue: The aluminium with r1 radius. Yellow the polyurethane with r3 radius and green the 
plastic mould with r4 radius. Rconv1-2 are the convective heat transfers while R2-4 are the resistances of each 
layer. 
 
The amount of heat energy required to keep the system at 15 ºC is Qin. Qin accounts for the thermal 
convection and conduction [104].  
 𝑄𝑖𝑛 = −2.37 𝑊ℎ (23) 
Coefficients h1 and h2 is the heat transfer coefficients that are obtained from Y. A Cengel et al. 
[99] illustrating that 2 to 25 W/m2 ºC is typical for free convection. Although h1 and h2 is not a 
property of the material, other factors like surface roughness, geometry, temperature and pressure 
determine what the heat transfer coefficient is [105]. To stay on topic, the coefficients of h1 and h2 
are used from Y.A Cengel et al. The highest value of 25 W/m2 °C is used for the worse case.  
Figure 2-5 illustrates the overall thermal housing with the given water temperature from a tap at 
25 °C while the TEC initial condition is 15 °C from the datasheet. Assumptions for the model is, 
the internal environment that being the aluminium housing is already at 15 °C. Therefore, the water 
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inside the 500 mL flask is assumed to reach the same temperature at steady state. In Figure 2-5-a, 
the change in water temperature of the flask is expected to reach its steady state condition after 25 
minutes, if the temperature of the aluminium and the internal environment is already 15 °C. Figure 
2-5-b shows the erratic oscillations coloured in Magenta; a result that the aluminium is already at 
a steady state temperature of 15 °C. As shown in Figure 2-5-c-d, after 200 minutes the inner 
insulation will reach the temperatures lower than originally set. Low thermal conductivities of 
polyurethane attest to the ability to maintain low temperatures. 
a) Change in PBR water temperature 
 
b) Change in Aluminium temperature housing 
 
c) Change in Polyurethane temperature housing 
 
d) Change in Polyethylene housing 
 
Figure 2-5 Heat flow through each of the layers in the housing 
The above figure depicts each layer of the thermal housing and how tolerable the insulation is when the outside 
temperature is 30 ºC and the inner compartment is 15 °C. This steady state condition is the TEC delivering a 
temperature of 15 °C to the aluminium housing while the water temperature initital condition is Twater = 25 °C. 
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The heat transfer rate from the external section of the system to the internal is calculated using the 
methods highlighted in [106], [104]. Appendix A.6 illustrates the workings in full description. 
The previous sections established the total Qin and Qtot from Eq. (12) and (23). To this point Qc is 
25 W, since total heat energy has been considered for all parts of the design the amount of time Qc 
will operate for can be determined. Qf, the amount of total heat energy that is accounted for is 
shown below illustrates the total amount of heat energy that must be removed from the system. 
 𝑄𝑓 = −𝑄𝑡𝑜𝑡 − 𝑄𝑖𝑛 = −72.71 𝑊ℎ (24) 
While the amount of heat absorbed from the TEC Qc is +25 W, suggests that 25 W of power is not 
enough to remove Qf. However, because the TEC is a heat pump, the device will need to operate 
for a total of 3 hours to have a noticeable effect on the heat removal of Qf , the findings are 
expanded upon in the discussion. 
 𝑄𝐶 = 25 𝑊 × 3ℎ𝑟𝑠 = +75 𝑊ℎ (25) 
2.2.4 Microcontrollers and instrumentation 
The temperature sensor must be installed in locations that provides the most accurate data. The top 
section consists of the temperature and humidity DHT11 and the lower section the LM335Z 
temperature sensor both of the sensor data is averaged out and displayed in LabVIEW. The DHT11 
sensor is not waterproof, so the precedence to install the sensor in the upper section is decided 
upon to improve the longevity of the instrument [107]. The Light sensor TS2561 is placed as close 
as possible towards the PBR section, this will ensure the light exposure values are as close to what 
the microalgae will receive.  
Serial port data exchange by a single microcontroller was not possible. LabVIEW write back 
function block to the Arduino could not establish a link because the string data from LabVIEW to 
Arduino is difficult to implement. The serial data from LabVIEW in string format could not 
communicate with the PWM ports on the microcontroller. Every time the output of two or more 
commands from the LabVIEW interface was sent to Arduino microcontroller, intermittent faulting 
would cause a delay of information.  
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LIFA for Arduino is used to communicate with LabVIEW. The software addition for LabVIEW 
allows fast connection to each PWM and enables the exchange of data from the LabVIEW 
interface to the Arduino microcontroller effortlessly. A major drawback for this software, Murdoch 
university does not operate extra software for LabVIEW. The new communication uses two com 
ports, com port 3 and com port 4. Sensor data is sent from com port 4 while com port 3 controls 
the PWM outputs.  
2.2.5 Electrical schematic diagram 
Electrical schematic drawing 
The electrical schematic diagram in Appendix  D.2 Figure 5-5 illustrates each connection point 
for the PBRs connections. The MOSFETs control the operability of each field device and is 
essentially responsible for sending outputs to the field devices. PWM 6 connects the MOSFET to 
the agitation motor which is supplied by (MP-3165) power supply unit. The power supply and 
MOSFET combination allow voltages of 0 V to the maximum of 12 V to the motor enabling 
variable speed control. Mixing is particularly useful when microalgae culture increases in density 
and the need to improve light capture on the culture is essential [13]. 
12 V power source (MP-3165) supplies power to the LED RGB spectrum lights. Connected to 
each colour red, green, and blue is three MOSFETs PWM ports 11, 10 and 9 respectivley. The 
advantage of using three MOSFETS is red light can be mixed with green light to create yellow 
light, or all lights can operate together to create white light. The alternative is possible for example; 
using a single PWM port will allow more direct experiments like blue light, which is vital for 
experimentation in algae growth [24]. 
The TEC PWM port is 5 and is part of the control feedback loop that enables the control of the 
temperature by voltage to operate the TEC proportionally from 0 W to 25 W the stand-alone power 





Hobby based Arduino boards and sensors have short cables that are plug in pin-based connectors. 
A solution is required that enables the length of the cables to connect to the PBR and the terminal 
enclosure without changing the pin conductors on the microcontroller.  
A PCB board is designed and ordered online from china. The connections of the microcontroller 
and sensors can connect to each field device without the need for soldering.  
 
Figure 2-6 PCB Board  
designed by Vincent Blagotinsek, manufactured in China by JLCPCB. 
This PCB offers extra connection points for a separate MOSFET connection and the ability to 
connect and control a relay if necessary. Cooling fans will also connect to the PCB where a section 
is designated that act as the junction supply for each fan. The electronics section and fans for the 
cooling of the heat sink are all connected at their labelled sections within the PCB so anyone 




2.2.6 Agitation design 
The purpose of Agitation design is to create a system where the user can manipulate the speed of 
agitation and in turn, find the optimal range where microalgae can experience a maximum growth 
rate. It is known that too much agitation in the PBRs can cause shear stress to microalgae, this, in 
turn, reduces the growth rates [72]. 
Fusion 360 is a free online 3D printing software is used when designing the magnet housing [108]. 
Dimensions of the fan is used and transposed onto the software and a magnet housing is designed 
and printed. The functions of the 3D printed mould is to hold the magnets, account for the thickness 
of the PBR base, and mitigate any magnetic fields that will reduce the speed of the fan. Appendix 
A.1 provides the design of the magnet housing. Figure 2-7 shows the fan housing. 
 
Figure 2-7 3D Printed fan arrangement 
A fan motor rotates the flask stiring bar. The magnetic housing attatched to the fan agitates the 
PBRs fluid by magnetic flux to the bar stirrer. One of the main issues when working with such a 
device is magnetic fields and the interferences on the overall RPM of the motors from the magnets 
[109].  
Although no instruments are used to determine the magnetic field strength similar experiments are 
conducted to find where the field was the strongest. C. Ravadulla et al. [110] illustrate that 2-3 cm 
apart the magnetic field range of Neodymium magnets are measured. The magnetic field strength 
(mT) illustrates that values between 150 – 200 mT, and anything closer will have a greater mT 
value. The magnetic strength for this design is conducted by field testing and reducing the gap to 




Figure 2-8 Magnet Housing overlay 
Left, the final design of magnets with the cut-out. The thermal enclosure is sealed down above it. Right, 
Underneath mounting of the fan motor. Source: (The author) 
User input allows the enables the speed control of the motor. The overlay in LabVIEW allows the 
user to input desired values into agitation motor values, in turn, causing the motor to turn. A cheap 
but not so accurate representation of the speed curve is the calibration curve. The calibration curve 
is implemented in LabVIEW as a cheap RPM metre, so some idea of the RPM is displayed on the 
overlay. Illustrated in Figure 5-4 Appendix B.1 is the calibration curve. 
2.2.7 LED lighting 
LED lighting will assist in microalgae photosynthesis. The LED lighting is installed inside the 
aluminium section. The lights are fastened inside the aluminium housing by applying the sticky 
side of the LED inside the chamber. Supply voltage of the lights is 12 V and is connected to the 
main PCB where three separate MOSFET’s allow control of red, green and blue light. The address 





Figure 2-9 LED installation inside the PBR 
 
Light dark ratio 
A problem occurs when a case loop consisting of a timer is used to control the duty cycle of the 
RGB lights. Delays in process speed occur, and the Arduino output fails to operate fluently. 
Therefore no light:dark ratio will be implemented 
2.2.8 Software user interface 
Arduino 
Sensors compatible by Arduino are very common and cheap, some of these sensors require 
libraries to operate. A good example is the lux sensor, it requires a library download and operates 
in conjunction with the Arduino language. The sensors which require a library are DHT11, 
TSL2591 and the LM335Z.  
Calibration of the lux sensor is achieved in the Arduino program this enables finer adjustments of 
lux ranges sensitivity of the range is viewed in Appendix E.1.   
For PWM signals to communicate with LabVIEW from Arduino; LabVIEW interface for Arduino 
(LIFA) is used. This enables the PWM signatures a communication line between the LabVIEW 
software and Arduino effortlessly. LIFA is a LabVIEW additional software that can be 
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downloaded free of charge and is designed by national instruments. LIFA blocks are used for the 
LED lights and the PBR mixer. 
LabVIEW 
LabVIEW is the user interface where the user can change the intensity of a single LED light or a 
combination of all three ranges together RED, GREEN and BLUE. Experimentation of motor 
speed indicators and the visual representation of the complete process. The user can download 
excel data over a period and investigate the influencing growth parameters. 
The temperature sensor and lux information is sent by VISA read by string array and is displayed 
on the interface overview. Temperature setpoint allows new temperature conditions while 
humidity PBR temperature and inside ambient temperature is displayed on the temperature 
analysis section. 
 




The data logging section on the user interface saves the LED light intensity, mixing RPM and the 
humidity, temperature and the PBR temperature into an excel spreadsheet. By selecting the folder, 
new files or old files are accessible. 
2.2.9 Feedback PI control for Thermoelectric coolers 
At this stage, it is not yet clear which is the more advantageous process variable that the PI 
controller will be installed on. The same MV influences both the internal ambient temperature and 
the PBR. Therefore, the internal ambient temperature and the PBR water temperature will be 
experimented on individually to find the best matching. A typical control pairing is to select the 
directly acting MV to influence the behaviour of the PV [111]. 
Temperature control for the TEC is created in LabVIEW. The following PI control law is adopted 
in the time domain form following the methods outlined by D. Seaborg et al. [112].  
The derivative term from the PID controller is negated because the temperature sensor LM335Z 
produces very fine temperature ranges that are calculated to the accuracy of two decimal places, 
including a derivative term will cause more oscillations and unwanted behaviour [111]. Eq. (27) 
is the PI algorithm from the time domain into the discretised Velocity form ∆𝑣𝑘.  











The second choice of a discretised PI controller called the position form is available to implement. 
However it is not suitable for this process. Implementing velocity form has many advantages such 
as the change in controller output is calculated directly. This change in output is particularly useful 
for the PWM output which primarily drives the TEC and can be advantageous in controlling the 
antireset windup [112].  
Estimated errors of antireset windup will occur when the temperature is close to the setpoint, this 
will cause the threshold of the output to reach the maximum of 12 V on the TEC. The obvious is 
expected of 0 V within seconds of each other occurring constantly.  
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Small spikes in the temperature could increase the PWM signal to a maximum of 5 V which will 
equate to around 12 V on the TEC side. Consequently, this will dramatically reduce the life of the 
TEC and cause overheating of the MOSFET [111], [113]. Certainly, tuning methods of the gain 
and integral terms of the PI controller will reduce some of these spikes, and these ideas will be 
expanded upon in the results section.  
Figure 2-11 shows is the function block diagram of the implemented PI controller. Here it is 
illustrated that the PWM port 5 will send the signal to the TEC to switch on or off depending on 
how small the error calculation. The block diagram illustrates the control logic flow that is used to 
invoke the temperature change inside the microenvironment.  
 
Figure 2-11 PI Block diagram of Microenvironment 
Software handshaking 
Information is processed from the sensors and sent to the microcontroller. This microcontroller 
sends the information by the serial communication protocol to LabVIEW where the PI controller 
in velocity form is implemented.  
The summing point for the implemented controller is a point of interest; this is how the error for 
the PI controller in LabVIEW is generated. Creating the error is done by subtracting the 
temperature process variable from the initial setpoint temperature change. The error iteration is 
calculated at t = 0 and the second error iteration is sent back to the controller when t = 1, thus the 
difference in control action multiplied by the gain KC [111]. As the controller calculates the 
required control action the information is sent to the calibration curve equation so that the 
characteristics of the PWM input to the TEC is preserved and not mismatched.  
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The slope of the gradient at the output vs the input is created so that the microcontroller can output 
5 VDC to the MOSFET, suggesting that the microcontroller receives the PWM signal in the form 
of 0 to +255. Essentially this voltage is stepped up and is what regulates the Qc of the TEC by the 
proportional supply voltage. Figure 2-12 below illustrates the LabVIEW PI and the calibration 
curve equation Appendix B.2 shows the calibration curve workings. 
 
Figure 2-12 PI and PWM calibration data 
Above is the PI controller in LabVIEW. The far left is the setpoint the subtraction block is the error which is sent 
to the Equation block where the PI in velocity form is implemented. 
 
The internal ambient temperature and the PBR water temperature will have separate instances 
where the PI controller will be installed on the water temperature sensor and the ambient 
temperature sensor individually. Therefore the same treatment as the above chapter is implemented 
on the PBR water temperature PV also.  
PI control tuning parameters 
Quantitative approaches such as Ziegler-Nichols tuning methods is difficult to implement. The 
difficulty lies in obtaining a transfer function to obtain the proportional controller gain Kc and the 
ultimate period Pu. Pushing the temperature ranges beyond the point of instability to allow the 
system to oscillate and obtaining the Pu value is not realisable. The time constants between each 




Other quantitative methods of process characterisation is visited such as Cohen-Coon, first order 
model characterisations in MATLAB and least squares method in excel. Both methods are not 
realisable because the process variable data from the sensor is reading too many points within two 
decimal place and causes model mismatch when exported to MATLAB or excel. When Cohen-
Coon is trailed the response from the process reaction curve takes hours to reach the setpoint. 
When implementing the τ and α from the obtained curve, very large time constant and the signal 
distortion is too noisy from the poor-quality sensor. 
The qualitative approach by trial and error is used. The main control objective is, the MV should 
not operate at such a high switching frequency. Observing the MV response as the PV moves 
closer to the setpoint. By reducing or increasing the proportional term first the controller output 
signal must not behave so aggressive. The integral terms is then adjusted so no overshoot will 
occur.  
On off control 
This control logic that will enable the TEC output to behave less aggressive. When the temperature 
increases past setpoint the TEC will turn on with a PWM of 255 which is 100% of the full load 
supplied to the power supply. The opposite is expected, if the temperature moves below the 
setpoint the TEC will turn off sending a signal of 0 that corresponds to 0%.  
PWM signature of 255 will correspond to 5 V at the microcontroller and 12V at the TEC. Although 
the TEC operates at a maximum voltage of 12V a PWM signal of 255 is chosen because the solid-




Figure 2-13 On / Off control 
On/off control when the setpoint is lower than the incoming temperature the TEC will switch on and remove heat 
energy from the environment. 
Implementation of on/off control is now in operation with the utilisation of a solid-state relay to 
deal with the high-frequency switching. This high-frequency switching is still apparent, and while 
the PV moves close to the setpoint, the error sent to the MV will not change as much and cannot 
be corrected without further analysis or filters. 
The advantage a solid-state relay has compared to a new MOSFET is the solid-state relay can 







Within this chapter multiple testing was done when the ambient temperature of the room was at 
different temperature ranges, therefore, some results may vary for example the ambient 
temperature in the design phase was 30 °C. The following figures labelling will relate the internal 
ambient temperature of the PBR as Inside temperature. This notation is adopted on the legend to 
reserve less space; both terms are used interchangeably.  
Model validation 
A step input from 26 ºC to 24 °C is implemented. After 30 minutes the temperature of the PBR 
and the internal ambient temperature will reach the steady state condition of 24 °C. 
Modelling the temperature was illustrated in the design chapter Figure 2-5. The assumptions of 
the model are; if the internal temperature of the PBR is set to the same steady state temperature as 
the PBR water flask temperature, then the PBR flask water temperature model will reach the same 
steady state condition as the internal temperature as shown below in Figure 3-1, the inside 
temperature and the model PBR water temperature. 
 




















Inside temperature and Model: PBR water temperature
Inside temperature Model: PBR water temperature Setpoint change
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3.1.1 Temperature control: internal ambient temperature 
PI control on ambient temperature sensor 
When in the testing phase it is required to observe how the PWM output will react when a setpoint 
change is implemented. Although the deviation from PV and setpoint at 0 – 10 seconds is observed 
on Figure 3-2-a, the figure illustrates how the controller reacted when a setpoint change is 
implemented when the PV is close to the setpoint. 
Antireset windup occurs when the setpoint is close to the PV, tedious error signals are generated 
and cause the PWM signal to send higher voltages than required. The MOSFET was destroyed by 
overheating and is the result of high-frequency switching. Below on page 58, Figure 3-2 depicts 








b) MV from LabVIEW to Arduino 
 
Figure 3-2 PWM output to TEC 
In the design phase, the PWM signature was tested, (a): temperature setpoint change from 26 °C to 24.5 ºC, (b): 



















Temperature setpoint change from 26 °C to 24.5 °C
























The behaviour of the PI control in Figure 3-2-b establishes that when the input step is change from 
26 ºC to 24.5 ºC is implemented depicts how poorly the controller operated. After 10 seconds the 
MV behaves so aggressive sending this signal value to the TEC voltage supply.  
The feedback signal from the sensor verifies how low-quality components can destroy a MOSFET. 
From this point onwards, a solid-state relay is implemented immediately to remedy the MOSFET 
issues. 
Field validation 
Below on page 60, Figure 3-3 represents the PV and MV characteristics of the microenvironment 
under PI control with the MOSFET now replaced with the solid-state relay.  2 hours 13 minutes 
after the setpoint change is implemented the MV starts to operate as the PV begins to cross the 
setpoint boundary Figure 3-3-b illustrates how the MV is operating.  
A setpoint change from 21 °C to 20°C was implemented and minimal temperature change was 
observed over a total of 2 hours and 30 minutes while the PBR water temperature experiences very 
little change in temperature. One thing to note is the high frequency switching is still observable 
because the controller is still installed on the internal ambient temperature sensor while the solid-









Figure 3-3 Field testing the PBR 
The PWM signal is set to the value of 255 to reduce the full load capacity on the power supply. Notice a setpoint 
change at t = 0 is implemented while the temperature after 3 hours is 22 °C. This asserts that the TEC is too small 
for the application. 
 
Effect of light 
Below on page 61, Figure 3-4 shows temperature runaway in the system. When a temperature 
setpoint change from 25 °C to 15 °C is implemented with 650 lux of red light, the TEC does not 
have enough power to remove the heat energy produced by the RGB lights. After 1.5 hours of 
service time the temperature of the internal system does not move towards the intended setpoint 



















Temperature setpoint change 21 °C to 20 °C




























Figure 3-4 Temperature and LUX interference 
A noticeable change of temperature occurs when the RGB lights are on. A LUX reading of 650 creates enough 



















Temperature setpoint change 25 °C to 15 °C



































Setpoint change to lower temperatures 
Figure 3-5 illustrates a temperature setpoint change from 20 ºC to 15 ºC while applying a full 12 
VDC to the TEC. To illustrate how inefficient the TEC is, a small change in temperature is 
observed after 2.5 hours of service time. The large offset shows that the PBR temperature will 
never reach 15 ºC. 
 
 
Figure 3-5 Contrasted model and field results 






















Setpoint change 20 °C to 15 °C
Temp PBR water temperature Setpoint
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3.1.2 Temperature control: PBR water temperature sensor 
On / off control 
On / off control is installed on the PBR water temperature sensor. Below Figure 3-6 Illustrates 
two setpoint changes the first change is implemented at t = 0 and the second change is implemented 
after 3.5 hours.  
At exactly 2 hours, the PV crosses the setpoint boundary. In Figure 3-6-b illustrates that there is 
no high frequency switching present.  After 2 hours the MV switches off and the water temperature 
drops another 1 °C. The final setpoint change of 15 °C is implemented and the MV increases to 
full power as noted in Figure 3-6-b between 3.5 hours and 4 hours.  
Figure 3-6-b shows there is not enough power for the TEC to remove any more heat energy after 






















Temperature setpoint change 26 C to 22C to 15 C
























3.2 Agitation mixing curve 
Digital Tachometer (DT-48) obtained the values for the calibration and was implemented by steps 
of 10% for a PWM output. The response of the FAN is only observed after 60% of PWM input 
and any RPM value below 60% is considered 0 RPM. The before and after effect of installing the 
magnetic housing is displayed in Appendix B.1, Figure 5-4. 
Table 3-1 Agitation motor RPM before and after results 
% Input PWM input RPM Before RPM after 
60 153 760 730 
70 178.5 796 772 
80 204 840 816 
90 229 860 852.6 
100 255 910 878.7 
 
3.3 Lighting sensor and RGB light 
By changing the single RGB lighting lux intensities are obtained for each separate instance.  Red 
is 950 lux, Green is 770 lux, Blue is 335 lux and the total lux with all intensities is set to the highest 
value, that is 1850 lux. This test is conducted by changing the sliders on the user interface in 
LabVIEW and observing the change. 
Other various colours are obtainable by mixing red, green and blue spectrums from the user 
interface.  
 




3.4 LabVIEW and Arduino communication 
LabVIEW and Arduino communicate effectively using the LIFA software. The PWM ports are 
accessible to any pin located on the microcontroller. By using the toggle sliders on the interface, 
the intensity of lights or the speed of the agitation motor is accessible.  
Figure 3-8 Illustrates how the PWM signal and the corresponding LIFA block operates. A value 
of 138.39 is sent to port 10 on the Arduino controller, and the output field device receives this 
signal and operates at the PWM value of 138.39. 
 
 







4.1 Temperature control and setpoints 
The noticeable change over 2.5 hours of time in Figure 3-5 suggests the internal heat energy is 
too much for the input power and is related by the first law of thermodynamics which states: the 
change in internal energy U of the system is equal to the sum of energy transferred across the PBRs 
boundary by heat and work Eq. (28) below where ∆U is the change in internal energy, W is the 
total work and Q is the heat by the notation adopted from [114]. 
  ∆𝑈 = 𝑊 − 𝑄 (28) 
Eq. (24) on page 44 illustrated that there is -72.71 Wh of energy which needs to be removed and 
Eq. (15) confirmed the amount of work that the TEC could output was +25 W. Eq. (29) below 
illustrates the internal energy possessed by system boundary still requires -47.71 Wh of energy 
that must be removed from the system.  
 ∆𝑈 = 25 − 72.71 = −47.71 𝑊ℎ (29) 
Eq. (25) asserts that running the TEC for a total of 3 hours could eliminate such issues when 
subtracting Eq. (24) from Eq. (25) suggesting that minimum temperature ranges used in the model 
is attainable.  
 𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑠𝑒𝑟𝑣𝑒 = +75 𝑊ℎ − 72.71 𝑊ℎ = +2.29 𝑊ℎ   (30) 
TEC installation is conductive, and the heat transfer along the material will flow from a higher 
temperature to a lower temperature providing conduction is continuous along all metals. Water 
inside the glass flask at room temperature receives little conduction because the thermal bridge 
material is made from epoxy and possesses a low thermal conductivity 0.29 W/m °C [115], [94]. 
The TEC must now overcome the work required to conduct through the low thermal conductivity 




Cool air by convection would have been the better option. However, installation costs to perform 
convection should be managed better by a refrigerator which is a cheaper option compared to 
buying three TEC devices for faster time constants or modifying the design to create convective 
heat transfers. 
This further implies that the TEC thermal bridge should be metal and consist of a much higher 
thermal conductivity [115].  
Temperature control 
As expected, the PWM signature was arbitrary with high-frequency switching. To get around this 
problem, there are three solutions.  
The first solution; design a first order low pass filter circuit. Low pass filters (LC) consist of a 
capacitor and an inductor designed to reject high frequencies, essentially allowing only lower 
frequencies to pass [116]. For the stage of this project, the author does not see it a viable option, 
although a possible cheap option for future research if the designer can build their own PI 
controllers with LC circuits specific for TEC application considering the purchase price is about 
$700 from the RS store [117].  
Second choice is to purchase a high powered MOSFET. High power MOSFETs can operate at 
higher temperatures and higher switching frequencies however they are much more costly [118]. 
While the third option was to implement the on/off switching successfully. The main drawback, 
the control scheme only allows 0 or 12 VDC output to the TEC. Figure 3-3.b. illustrated the on/off 
switching over a period of 10 minutes and the solid-state relay experienced no overheating but 
high frequencey switching is observable on the ambient temperature sensor.  
On/off control is not as accurate as PI control. The main reason being, the significant time constants 
in temperature are a problem between the switching on and off stages. These time constants cause 
the PV to deviate away from the setpoint, and temperature fluctuations become apparent. 
Economic feasibility is not particularly good when the interest of high value biomass is a 




Process variable selection for controller installation 
Advantages and disadvantages for both controller locations are summarised from the results. 
Internal ambient temperature under PI controller caused the MOSFET to overheat from the 
sensitivity of the LM335Z temperature sensor. Fine temperature readings oscillating between the 
setpoint cause the error sent to the controller to output high PWM values, switching 5 to 8 times 
in 10 seconds as depicted in Figure 3-2.  
The PBR water temperature signal is digital this means it does not receive such an oscillatory 
feedback signal when it is used for control and therefore is an optimal solution when implementing 
control schemes that require a smooth input signal such as PI or on/off as illustrated in Figure 3-6.  
Although both temperatures are controlled by the same MV, the PV that closely relates the 
installation of the PI controller is the PBR’s water temperature. The sensor is directly in contact 
with the water inside the PBR by conduction. Although aforementioned that the thermal 
conductivity by conduction is less then substantial, direct manipulation of the PV always 
advantageous and is why the control loop is placed around the PBR water temperature [120]. 
Because the PBRs water temperature sensor does not exaggerate small changes in temperature the 
PI velocity form controller was put back into service but not tested because logic based MOSFETs 
are no longer available for purchase within the stage of this project. 
Inadequate temperature setpoint targets 
Figure 3-5 affirms that no change of the water temperature is observable after a setpoint change 
was implemented from 20 ºC to 15 °C. This shows that the TEC is unable to attain temperatures 
in the lower regions and can be related to Table 2-1 where TEC working parameters are illustrated. 
This table provides examples of different Qc values that are absorbed and obtaining a lower 
temperature difference across the TEC provide a better cooling capacity. 
Microalgae that survive over a wide temperature range are attractive and suitable for culture 
cultivation. This is primarily of importance when the fatal temperature is increased a little more 
compared to their optimal growth temperature and the species remain unaffected [16]. Increasing 
temperature range disrupts the algae in the following way, microalgae cannot perform 
photosynthesis and leads to the lack of oxygen production and causes damage within the cell 
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membrane [15]. This affirms that if the microenvironment maintains a setpoint between 15 ºC to 
30 ºC then some microalgae species but not all can experience growth. However optimal 
conditions usually lie between 20 ºC to 25 ºC [15].   
Figure 3-6 illustrates the operational results of the TECs MV, operating for over 2 hours 
consuming 132 Wh to remove 4ºC of heat energy while driving up the cost of operation is not 
viable. These devices should be avoided altogether if large batches of microalgae are a target, 
effective cultivation methods should be investigated.  
4.2 LabVIEW software and Arduino 
Microcontrollers 
A single microcontroller should be implemented to receive input data simultaneously with output 
data and operate fluently. Lack of the Arduino C/C++ knowledge caused the author to use LIFA 
to keep the experiment going and complete the required research. It has been mentioned to the 
author that Murdoch university does not allow additional installation products to their LabVIEW 
software, and therefore is a contributing factor for offsite testing. 
4.3 Optimal growth rates 
Lighting sensor characteristics 
Low lux values with a maximum of 1850 lux suggesting that the LED lights for the task are not 
effective enough for growth cultivation of microalgae.  
Oxidative damages occur when light intensities are beyond the microalgaes photosynthetic limits 
while the opposite is true and the correct ammount received can stimulate growth. [5]. B. Cheirsilp 
et al. [17], affirm that marine Chlorella and Nannochloropsis experience low growth rates when 
exposed to light intensity from 2000 up to 10,000 lux [17].  
Maximum growth rates with lights have been experimented using blue light and W. Gruszecki et 
al. [26] asserts that blue light has positive influence in growth rates and triggers metabolic 





Calibration curves obtained in Figure 5-4 illustrate that RPM value of the fan will have a 
maximum of 890 RPM and the minimum below 750 RPM. The stirring bar RPM will be a lot 
slower as the density of culture is to increase and should be calculated independently if culture 
density is known.  
Agitation and mixing the culture improves the exchange of PFD to the algae culture. While 
aggressive amounts of mixing is not favoured by all microalgae [71], [13]. N. Moheimani et al. 
[72] experimented with different mixing speeds and observed the influence on the growth of P. 
carterae [72]. By varying the Reynolds number between 15,979 and 79,866 respectively (100 rpm) 
and (500 rpm), microalgae growth rates were found to decrease as the Reynolds number was 
increased past 31,927 (200 rpm) [72].  
4.4 Established photobioreactor comparison 
Within the market there is already devices operating efficiently with similar capabilities but better-
quality components and construction at a very high cost. Cost effective technologies, production 
per hectare of land are some of the many obstacle that determines if cultivation of microalgae is 
economically viable [121], [12].  
These components are designed and produced by companies like Photon systems instruments  and 
have a range of cultivation vessel capacities from 0.4 litres to 3 litres [122]. Their capabilities 
include temperature control from 15 ºC to 55 ºC and depending on the model selected red-blue or 
red-white LED panels produce a maximum of 3000 µmol/m2 s [122]. Depending on the storage 
capacity of microalgae the cost of the units range from $18,864 to $31,440.20 a very large capital 
cost for such a small cultivation method. While magnetic stirring and mixing can be purchased for 
$5,347 and mixes 5 solutions per time. 
The designed microenvironment attests to its value in cost to construct. The cost of this build was 
$775. Cheap design methods and understanding make it possible to engineer cost effective designs 
and is one of the challenges faced when effective cultivation methods are needed. Small 12 VDC 
fans are accessible for $30 and 3D printed manifolds with magnet housings can be attached to 
them, suggesting over 170 mixers can be constructed.  
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Universities have access to products such as LabVIEW which allow immediate interfacing. This 
gives universities vast potential to design cost effective cultivation methods and operate close to 
their optimal yields. 
The internal aluminium housing of this system is 6.3 litres and has a total energy consumption of 
1466.24 kWh/year costing $415.39 assuming the system operates 24 hours per day as illustrated 
in D.1 [123]. A heat pump consisting of 425 L has an average energy consumption of 474 
kWh/year, considering the current Western Australian cost per kWh of electricity is 28.33 cents 




 Conclusion and future work 
TEC devices have very low coefficients of power and should not be used for microalgae cultivation 
when profit yield is of interest. The amount of heat energy moved per power input makes TEC 
devices only good for small applications where low heat energy input or output is required.  
TEC devices produce a negative temperature gradient that dramatically reduce the heat removed 
when the hot side of the TEC becomes too hot. This heat must be removed by a heatsink and will 
increase capital expenditure because requirements such as, power supplies and fan motors are 
needed to remove the heat energy.  
Increasing the life span of the components is more advantageous when purchasing higher quality 
sensors in comparison to the time spent filtering. The better response from the sensor is the PBR 
water temperature sensor this is because it was in direct measurement with the process temperature 
and does not produce noisy signals. 
Velocity form PI control is the better option for PWM signals however MOSFETs of low quality 
should never be used for switching. The use of a solid-state relay with the velocity form PI control 
still has high frequency switching and the PWM signature will only operate at high or low values. 
Therefore on / off control is used to substitute the PI controller altogether and opt for a simpler 
control scheme. 
Large time constants in the temperature of the PBR including, undesirable offset of the temperature 
process variable suggests that the TEC is too small for the task. Two contributing factors highlight 
these issues, firstly thermal conductivity of the material between the system boundaries and 
secondly, the TEC for this application has reached its maximum attainable heat absorbed value. 
Operating the RGB lights to maximum intensity increases the internal energy of the PBR, 
temperature run away is observable when high lux values are present in the system, but low lux 
values do not affect the internal energy of the system. 
This research highlights that adopting some of the cultivation methods in this paper for microalgae 
can be done at a cost-effective margin compared to the already established designs on the market 
while careful consideration into sensor components will reduce some of the issues in this paper.  
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Suggested future research   
Future developments and improvements to attain the lower temperature ranges can be solved. The 
TEC should be in direct contact to the base of the internal flask and PI control installed on the 
digital temperature sensor to remove noisy signals. This will cause shorter time constants of the 
water temperature and remove any observable offset where lower temperatures are concerned.  
Knowledge gained from this research illustrates that TECs are not effective at removing heat 
energy and are more suitable for small scale applications where cost is of no concern. Other devices 
that have a higher COP such as a heat pump are perfectly capable of removing this heat energy.  
Learnings from this study should build on the experimentation of this thesis and transpose these 
ideas into refrigeration units that have better COP to overcome the heat released from LED lighting 
and heat generated from microalgae cultivation [38]. Mixing and agitation by a similar design will 
reduce capital costs so funds could be spent elsewhere. Higher quality LED lights should be 
installed inside with extra provisions for nutrients so already established feeding and pH methods 
can hybridise onto these refrigerators. Monitoring of the system could be paired with off the shelf 
microcontrollers and feedback information displayed on LabVIEW for strict control to optimise 
yield. a mock up design has been illustrated in Appendix F Hybrid refrigerator. 
Programming effectively are some issues that should be fixed by a computer system engineer. 
Arduino is a C/C++ function language and when serial data of PWM commands from LabVIEW 
is received, arrays of data must allocate this information to the correct output pins on the 
microcontroller. Essentially this will allow a single microcontroller and negate the need for 
Murdoch university to install additional platform software into LabVIEW. Other upgrades should 
include, light dark ratio on a timer loop so that the RGB spectrum lights can operate on a timed 
cycle.  
. 
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Appendices 
 Design, calculation and construction 
A.1 Magnet housing 
 
Figure 5-1 3D Printed Agitation motor, Magnet housing 
Fusion360 is a free software that anyone with a email address can log into and begin designing their own 
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A.2 TEC Peltier Module Datasheet 
 
Figure 5-2 TEC datasheet 
3 separate conditions of Qc have been calculated: Green: 25 W. Blue: 20 W. Red: 0 W. Notice from the 
below table as  ∆𝑻𝑻𝑬𝑪(ºC) increases the ability for Qc to remove heat is reduced and the COP is reduced. 
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Table 5-1 TEC Datasheet values 
The values below are extracted from the TEC datasheet 
Description Equation Reference 
Two-Point linear interpolation 
 
𝑦 = 𝑦1 +
𝑥 − 𝑥1
𝑥2 − 𝑥1
(𝑦2 − 𝑦1) 
 
[125] 
TEC Data sheet 
∆𝑇𝑇𝐸𝐶 = (64 − 15) = 49 °𝐶 
 
Figure 5-2 
Qc Data sheet 𝑄𝑐 = +25 𝑊 Figure 5-2 
Power input Datasheet 𝑃𝑊 = 𝑉𝐼 = 71.5𝑊 Figure 5-2 
 
Table 5-2 Heat added to thermal housing 
Values used to calculate the thermal housing and references for the constants are provided. 
Constants Reference Constants Reference 
Volume (V): 0.6229 m3 
Specific heat Aluminium (Cp):  
0.905 kJ / kg ºC. 
Specific volume of air (𝐶𝑣,𝑎𝑖𝑟): 
0.7578 kJ/kg ºC. 
Density of Air (𝜌𝑎𝑖𝑟): 1.2928 kg 
/m3 
Density of aluminium 


























Coefficient of performance 𝐶𝑂𝑃𝑇𝐸𝐶 = 
𝑄𝑐
𝑃𝑊
  (31) 
To remove heat from the micro environment and keep the system at steady state value of 15 ºC 
the amount of work heat removed from the system is illustrated below using MATLAB. 
A.3 Heat energy calculations 
Table 5-3 Total amount of Q for water 
Description Variable Reference 
Volume of water 0.0005 m3 Measured 
Specific heat of water  4.18 kJ / kg ºC [128] 
Temperature difference (25-15) = 10 ºC Measured 
Density  1000 kg/ m3 [128] 
 
 𝑄𝑤𝑎𝑡𝑒𝑟 = 𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑉𝑤𝑎𝑡𝑒𝑟 ∙ 𝐶𝑤𝑎𝑡𝑒𝑟 ∙ ∆𝑇 (32) 
 𝑄𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 = 𝜌𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 · 𝑉 ∙ 𝐶𝑝 ∙ ∆𝑇 (33) 
 𝑄𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 ∙ 𝑉 ∙ 𝐶𝑣 ∙ ∆𝑇 (34) 
 
Below the MATLAB calculations 






%specific heat  
%If the aluminium core is 25 C and we would like to keep the temperature 
%set point at 15 C then the amount of work required Qair to do so. 
%refer to chapter 6.4.7 table  6.14 page 309 
%Refer to the user manual of TEC to find correct sizing of peltier 
%to determine the amount of Q to take water from 25 - 15 C 
Vwater =0.5/1000; %volume of water 
pwater = 1000; %density of water 
Cpwater = 4.18; %specific heat of water 
dtwater= (15-25); %temperature difference water is at room temperature 25 
  
r1 = 0.087; % aluminium inner (radius inner) 
Pal = 2700; %Density Kg/m3 alloy 
A1 = pi*r1.^2; %Area of Aluminium 
L = 0.265; %Length of the compartment 
V = A1*L; %Volume of cylinder 
Cp = 0.91; %Aluminium cp alloy 
TF = 15; %ambient 
TI = 30; %Initial temperature 
DT = (TF-TI); % Change in temperature 
pair = 1.225; %density of air 
CVair = 0.7578; %specific heat of air kJ/kg 
Voltage = 12; 
I = 5.5; 
Pw = Voltage*I 




Qwater = pwater*Vwater*Cpwater*dtwater*0.2778%(KJ) to Wh  
Qaluminium = Pal*Cp*V*DT*0.2778%(KJ) to W  
Qair = (V*pair*CVair*DT)*0.2778%(KJ) to W 
Qtot = Qaluminium+Qair+Qwater 
  



















   -70.3457e+000 
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A.4 Heat sink 
Table 5-4 heatsink Variables 
Type MATLAB Variable Variable 
Number of fins n 15 
Convective heat transfer h 25 w/m2 
Tbase T 65 °C 
T∞ T 25 °C 
Thermal conductivity k 195 W/m °C 
Height of find from base b 0.025 m 
Fin thickness t 0.001 m 
Boundary condition m 16.0128 °C 
Fins Heat transfer  MATLAB Variable MATLAB calculated 
Fin efficiency Nf 984.4720e-003 
Length of fin (m) Lf 200.0000e-003 
Width of fin (m) Wf 2.0000e-003 
Area of fin (m2) Af 400.0000e-006 
Single Heat dissipated (W) Qf 334.7205e-003 
Base Heat transfer MATLAB Variable MATLAB calculated 
Length of base (m) Lb 200.0000e-003  
Width of base (m) Wb 100.0000e-003 
Area of base (m2) Ab 20.0000e-003 
Single Heat dissipated (W) Qb 17.0000e+000 
 
Below the MATLAB calculations 
clc 
clear 
%To calculate the amount of Q in watts the Heatsink can remove: Written by 
%Vincent Blagotinsek 
  
%variables common to the heatsink of interest 
n = 15; %number of fins 
h = 25; %Convective heat transfer coefficients (PAGE 93 THERMO DYNAMIC 
ENGINEERING BOOK) 
z = 10e-3; %air gap between fins 
Tbase = 64; %Hot temp base 
Tinfinity = 30; %ambient 
k = 237; %thermal conductivity aluminium 
b = 15E-3; %Height of fin from base of heatsink 
t = 1E-3; %Fin thickness; 
m = sqrt(2*h/(k*t)); %Calculated heat transfer from a single fin 
Ob = Tbase - Tinfinity; %Boundary conditions 
  
%Fins heat transfer  
Nf = tanh(m*b)/(m*b);%Fin efficiency (usually lie between 0.7-0.7) 
Lf = 200E-3; %Length of 1 fin 
Wf = 2E-3; %Width of fin 
Af = Lf*Wf; %area of fin 
Qf = Nf*h*Af*Ob; %Single fi 
  
%Base heat transfer 
Lw = 200E-3; %Length of base 
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Ww = 100e-3; %Width base 
Aw = Lw*Ww; %Area of base 
Qw = h*Aw*Ob; 
  
%overall Q dissipated 
Qtotal = n*(Qf + Qw) %(W) 
Qtotal = 
 
   260.0208e+000 
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A.5 Energy requirement of thermal housing  
 
R2, R3, R4: Thermal resistances. 
r1: Inner chamber radius 
r2: Aluminium section radius 
r3: Polyurethane Insulation radius 
r4: Bucket radius 
𝑇∞,1:  Inside temperature 
𝑇∞,2: Outside temperature 
 
Figure 5-3 Thermal Housing profile. TOP view 
 
Table 5-5 Thermal profile values 
Constants Reference  Constants Reference 
Rconv,1: 
(Aluminium) r2: 0.865 m 
(Fomofill) r3: 0.133 m 
(Polyurethane) r4: 0.133 
Rconv,2: 
𝑇∞,2: 30 ºC 
𝑇∞,1: 15ºC 









 h1: 25 W/m2 
k1: 237 W/m ºC 
k2: 0.04 W/m ºC 
k3: 0.33 W/m ºC 
h2: 25 W/m2 
A1: 0.0235 m2 












Below is the equations that determine the conduction and convection variables between each 
section of the thermal housing. 
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%To calculate the Q lost to atmosphere and insulation effectiveness 
  
T1 = 15+273.15; %TEMPERATURE OF INNER K 
T2 = 30+273.15; %TEMPERATURE OF OUTER K 
%radius of each segment 
r1 = 0.0865; % aluminium inner m 
r2 = 0.0875 ; % aluminium outer m 
r3 = 0.133; % Fomofill m 
r4 = 0.136; %Plastic m 
  
A1 = pi*r1.^2; %Area of Aluminium m2 
h1 = 25; %Heat transfer coefficient of inner (W/m2) 
h2 = 25; %Heat transfer coefficient of outer W/m2 
A2 = pi*r4.^2; %area of outer m2 
  
L = 0.265; %Length of the compartment m 
  
%Thermal conductivities 1W/m C = 1W / m K 
k1 = 237;      %Aluminium 
k2 = 0.04;      %Fomofill 
k3 = 0.33;      %Polyethylene (HDPE) 
  
%Convective transfers 
Rconv1 = 1/h1*A1; %inner to aluminium 
Rconv2 = 1/h2*A2; %outer to atmosphere 
  
%Thermal resistances 
R1 = log(r2/r1)/(2*pi*L*k1); %Aluminium 
R2 = log(r3/r2)/(2*pi*L*k2); %Fomofill 
R3 = log(r4/r3)/(2*pi*L*k3); %Plastic 
  
disp('Steady state heat transfer rate through the three layer cylinder')  
Qlost = (T2-T1)/(Rconv1+R1+R2+R3+Rconv2) %W 
 
Steady state heat transfer rate through the three-layer cylinder 
Qlost = 
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A.6 Heat transfer through microenvironment 
PBR has been calculated using the area of a cone equation while it is not the most accurate 
representation of a PBRs geometry it resembles a similar shape. 
 𝐴𝑃𝐵𝑅 = 𝜋 ∙ 𝑟𝑃𝐵𝑅 ∙ (𝑟𝑃𝐵𝑅 +√ℎ𝑃𝐵𝑅
2 + 𝑟𝑃𝐵𝑅2) = 0.03 𝑚
2 (40) 
Assumptions of the mathematical model: The area of a cone is assumed to be similar to 
that of the PBR flask used. The temperature of the internal environment Ts has already reached 
steady state so the water temperature is assumed to have reached the same temperature. The 
worst-case scenario heat transfer coefficient of 25 W/m2 is adopted. 
Table 5-6 Mathematical model of PBR 
Variable Constants Description Variable  Description 
Tw calculated Temperature Water A 0.03 Area 
Tal calculated Temperature Aluminium Kal 235  
Tf calculated Temperature Fomofill Kf 0.04  
Tp calculated Temperature plastic Kp 0.02  
Ts calculated Temperature surrounding rpbr 0.08 m  
TTEC -5 ºC Temperature TEC hpbr 0.06 m  
Tinfinity 30 ºC Temperature Outdoor h 25 W / m2  
Cpw 4.18 Specific heat water    
Pw 1000 Density water    
Qw 5.8 Heat energy water    
𝑑𝑇𝑤
𝑑𝑡
= −ℎ ∙ 𝐶𝑝𝑤 ∙ (𝑇𝑤 − 𝑇𝑠) 
𝜌 ∙ 𝐶𝑝𝑤 ∙ 𝑄𝑤 ∙ 𝑉 ∙
𝑑𝑇𝑤
𝑑𝑡






ℎ ∙ 𝐴𝑃𝐵𝑅 ∙ 𝐶𝑝𝑤 ∙ (𝑇𝑤 − 𝑇𝑠)














= −𝑘𝑝(𝑇𝑝 − 𝑇𝑓) − 𝑘𝑝(𝑇𝑝 − 𝑇∞) (44) 
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Below the MATLAB calculations 
function xdot = funfile(t,x); 
  
%Using Newtons Law of cooling to solve for the temperature 
%Written by Vincent Blagotinsek 
%x(1) = water: Tw k1 water 
%x(2) = aly: Tal k2 ally 
%x(3) = fomo: Tfomo kf = Fomofill 







Qwater = 5.8; 
  
Kal = -235; 
Kfomo = -0.04; 
Kpoly = -0.02; 
Ts = 15; 
Ttec = -5; 
Toutside = 30; 
  
xdot(1) =   -h*A*cp*(x(1)-Ts)/(pwater*V*cp*Qwater);    
xdot(2) =   Kal*((x(2)-Ts)) + Kfomo*((x(2)-x(3)))-5; 
xdot(3) =   Kfomo*((x(3)-x(2))) + Kpoly*((x(3)-x(4))); 
xdot(4) =   Kpoly*((x(4)-x(3)))+ Kpoly*((x(4)-Toutside)); 
  
xdot = [xdot(1) xdot(2) xdot(3) xdot(4)]'; 
 
%Heat transfer through the  micro environment. 
clear 
clc 
t0 = 0; tf = 200; span = [t0, tf]; 
  
%Initial conditions 
x0 = [25 15 20 30]'; 
options =[]; 
  
[t,x] = ode45('funfile',span,x0,options); 
  
   
plot(t,x(:,1),'b:') 










title('Change in Fomofill temperature'); 
ylabel('Temperature (C)'); 









95 | P a g e  
 
 Calibration curves 
B.1 Agitator Motor 
 
Figure 5-4 Calibration curve of agitation motor before and after 
The calibration curve illustrates that the magnet housing has a small effect on the overall output of the 
agitation motor. After a PWM signal of 153-255 is sent to the motor different RPMs are observed 
 
The RPM values are obtained using a Digital Tachometer DT-48 has the accuracy of ± 0.05%. 
RPM measurements are obtained before and after the magnet housing is attached. This is done 
to observe the RPM loss and the effect that an induced magnetic field has on the RPM. 
Evidently there is a distinguishable difference that can be explained. The 3D printed housing 
and the two magnets increase the mass of the on the fan.  
  
y = -0.0044x2 + 3.2742x + 330.29
R² = 0.9987





























Calibration curve of agitation motor
RPM After RPM before Trend line RPM After Trend line RPM Before
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B.2 PI manipulated variable output 
Calculation of the PWM output calculated by slope of a straight line 255/5 Eq. (45). Arduino 
microcontrollers PWM reads between 0 and 255. Using the calibration curve amplifies the PM 
signal.  
 𝑃𝑊𝑀𝑜𝑢𝑡 = 51 × (∆𝑣𝑘) (45) 
 Temperature control design 
C.1 PI controller design 
The values chosen are based off the behaviour of the PI controller MV. It is understood that 
too much aggressive switching of the PWM will cause overheating of the MOSFET. 
Table 5-7 Qualitative PI Controller values 
Kc Taui Dt 
3 0.03 1 
 
 Electrical and Power 
D.1 Power consumption and cost 
Below illustrates the power consumption to keep 500mL of water at a constant temperature of 
19 ºC. Example 1: Assumes the worst-case scenario: The power supplies are considered to 
operate 24 hours per day, 8760 hours in 1 year. Example 2: Assumes the best-case scenario: 
The auxiliaries are only operating.   
Table 5-8 Energy consumption of micro environment 
Device Total Volts (VDC) Current (A) Power (W) 
Power supplies 1 1 12 3.5 42 W 
Power supplies 1 1 CH1 12, CH2 5 CH1 9.2A CH2 3A 125.4 W 
Fan 3 12 80 mA 2.88 W 
TEC 66 12 5.5 66 W 
RGB 3m 12 0.6A per metre 21.6 W 
 
First example: Assuming the total power supply is P1 + P2 and the cost of electricity per kW 
is 28.33 cents/kWh. 
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The total cost per year 
 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = $415.39 (47) 
Second example: Ignoring the power supplies allows for a better idea of what the devices are 
consuming alone. If the axillaries such as the lights, TEC, heatsink cooling fans and agitation 
motor, then total power consumed is 90.48 W and will cost $224.55 to run this system. 
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D.2 Electrical Schematic diagram 
 
Figure 5-5 Electrical Schematic diagram  
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D.3 PCB Schematic drawing 001 
 
Figure 5-6 PCB 001 Drawing 
This is a two layered PCB board. The red is top surface while the blue is the second surface. The grey holes 
are the drill holes which are used to mount the board. Photo credit (The Author) 
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 Arduino Sketch 








#define dht_apin A0  
float tempK=0, tempC=0, tempF=0; 
dht DHT; 




   Serial.begin(9600); 
      tsl2591.parameter.I2CAddress = 0x29;    
         Wire.begin();                                                                                           
    tsl2591.parameter.gain = 0b00; 
    tsl2591.parameter.integration = 0b000;      
    tsl2591.config_TSL2591();   
    bme280.parameter.IIRfilter = 0b100; 
    sensors.begin();                        
  } 
 void loop(){ 
tempK = analogRead(1) * 0.004882812 * 100;    
tempC = tempK - 273.15;     
DHT.read11(dht_apin);  
sensors.requestTemperatures();  
    Serial.print((DHT.temperature+tempC)/2);  
    Serial.print("\t"); 
       Serial.print(DHT.humidity); 
    Serial.print("\t"); 
        Serial.print(tsl2591.readIlluminance_TSL2591()); 
    Serial.print("\t"); 
      //Serial.println(tempC); 
   //Serial.print("\t"); 
     Serial.print(sensors.getTempCByIndex(0)); 
     Serial.println();         
 delay(250);       
}// end loop() 
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E.1 LUX sensor calibration 
Higher gain values are better for dimmer light conditions but lead to sensor saturation with 
bright light.     
0b00:    Low gain mode 
0b01:    Medium gain mode 
0b10:    High gain mode 
0b11:    Maximum gain mode 
 
Longer integration times also helps in very low light situations, but the measurements are 
slower 
  
0b000:   100ms (max count = 37888) 
0b001:   200ms (max count = 65535) 
0b010:   300ms (max count = 65535) 
0b011:   400ms (max count = 65535) 
0b100:   500ms (max count = 65535) 
0b101:   600ms (max count = 65535) 
   
The IIR (Infinite Impulse Response) filter suppresses high frequency fluctuations In short, a 
high factor value means less noise, but measurements are also less responsive You can play 
with these values and check the results! In doubt just leave on default 
 
0b000:      factor 0 (filter off) 
0b001:      factor 2 
0b010:      factor 4 
0b011:      factor 8 
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 Hybrid refrigerator 
 
Figure 5-7 Hybrid Refrigeration 
Stirring and agitation beds can be constructed to save costs while already established photobioreactors with 
nutrients and pH could be supplied in from an insulated compartment. Refrigeration units are not expensive 
to run and can help maximise the microalgae close to its optimal growth conditions. Photo credit: The Author 
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F.1 Job safety analysis form 
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